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AS3TRACT

This thefts con ists o' an interac.tive program that enables the student to study the
orbital motion of satellitcs around the earth. The student can investigate the shapC of
a variety of orbits by varying the initial position and velocity or the satellite, or by sup-
plying select orbital parameters i.e. initial orbital radius, eccentricity, and inclination.
Satellite maneuvers can also be studied, like transfer orbits and inclination changes, by
command %clocity changes at any location in the orbit. Also tile cfrcczs ol' the perturb-
ing forces due to the oblateness of the earth, drag for low earth orbits, and gravitational
attraction from the sun and moon can be investigated. The orbits are displayed in either
the perifocal coordinate system around a model or the earth, or the ground track can
be displayed on a map of the world. Orbital data is displayed be!ow the orbital plot.
The di play is enabled by the use of display integrated software system and plotting
Ilngu.lce I DISSPLA I subroutines.
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1. INTRODU'CTION

A visual aid for student,. new to orbital mechanics is required to comprehend f~ul!-,
thea dynamics of* orbital motion. This program is anl interactive time step 4munlation,
program that calculates and plots either unperturbed or perturbed elliptical orbits. The
prc~gai interacts with thle student in developing the initial orbit. Also thle programn
enables thle student with thle ability to change thle velocity of' thle satellite at a specific
location in thle orbit. This Na~ture will permit thle student to invetigate thle CIrects of'
commanded velocity chances as in perigee kicks, apogee kicks and inclination changes.
The user -.an also modify the initial position and velocity of' thle satellite at the comn-
p!etion of any orbit.

The student is given an opportunity to investigate the ei~ets of' perturbing rorces

onl the satellites orbit by choosing to have the prograin cwculate the orbit with or with-
out pertuirbing Forces. The variation of' parameters method, as seen in [Rel' 1; pp.

,%16- 1Wj is used in calculating the perturbing orbit. Trhe perturbing 11orces taken into
consideration are thle floi

I . the o~aleness of the ea~rth

2. d:e!*br lew earth orbits

3. -Mviwitional force of the moon

4. i2ravitational Iburce 01' the stin

In order zo reviewv ftilly the operation. of thea program (included inl appendix A) and
to uncover any problems or limitations that plagued the programming. the programn has
been divided uip as Ibillows:

I1. prograi design

2. unperturbed orbit

3 perturbed orbit

4. velocity Chances

S. graphical plots

The programming approach and equations used in each of thle above sections will be
ex.- ined in there respecti% c tdhapmei . A\ review of the coordinate sN -;temns used mnd th eir



h~A~them ar ::"IUd&J ill aivildiJ; 1. Sulcez d.1 til ~itiofls U%Cd
in the o:I~zl th hte orbital eloment re . 'rom r lcrence I. they will not be rc'iewed

inedi dlw."h,,r but vi:1 ;,., induded in ap e dix C 11or ai quick reference. E.quations I'rom
ofthr uores wi:I *oc reerenccd in their rcpecti e diapters.

lxamples o1' perturbed anJ unperturbed orbital plots rar a variety or initial orbital
p,ramcters are inc t" J in appendix D. Included arc plots or low carth orbits, tranfibr
orbits and geosynchronous orbits.



IL. PROGRAM DESIGN

I n deshing this program anl attempt was made to make it not only as user friendly
as possible. but also to ma~ke the; program as simple as possible to undersand. To
achieve these goals. thle programn would have to be written in a logical manner, in a
computer languaige that is easy to rollow, the program would have to run on terminals
readily available to students (at thle Naval Postgraduate School (XPS ii, and tile programn
would have to be easily used by students with a mninimumn amount of computer or orbital
mechaics knowledee.

FORTRLAN was chosen as thle programmning language since it is a wildly used sci-
enititle languae and it allows ror very structured programming. By programming in a
structured format. thle program can be expanded in thle ruture with a iniinmn amount
of time requiired to understand tile programming code. FoRTRLAN also allows for
double prccicion numbers to be used in thle calculation or thle orbit. This i Critical when
round off error in single precision could be greater then the actual change that one is
trying to model. The equations in the descriptions of thle programi might not emictly
Imatch tile equations in thle li~tincs becatuse ol' special progranuiing techniques wlai-J
must lie included in most compuiter programs to handle such problems as "divisioll b>
zero.

The display integrated software system and plotting language (DISSPLAI package
available un thle mainframe computer at NI'S was used to enable a variety ot' graphical
displays with a minimum amount of programmiing.DSLAhsaetosurtis

that the programmer calls to display data contained in arrays. This requirementE forces

the program to load arrays with the satellites position in order for it to be plotted. Thle
TEC6IS computer terinral and associative plotter was used for ease of gaining hard
Copy Plot$ Of the orbits and thle diversity of locations that arc available here at NPS.

In ord,:r to run a program in DISSPLA thle user must first define storage space or 1.5 ,ilk
and desienate temporary disk ..pace, and then call DISSPLA with the program namne.

This is accomplished with thc following commandt:

1. DELI'NC STORLAGE l.5m)K

3



2. 1 CNS
' .TISK 4 ONS

4 I)ISSPL\ ORBIT

To make the program user friendly, the user is prompted for inputs via the keyboard.
The entry is usually a number. A yes or no response can be entered by typing "Y" or a
"N", In most cises the prograin does a check to see ifrthe input is appropriate. In order

to make it as easy as possible for the student to get the desired orbit displayed, the

program requires only the initial position and velocity of the satellite. The initial posi-

tion and velocity of the satellite is supplied by the user in one of two ways. The user can

input tle position and velocity of the satellite, using the pcrifocal coordinate system

(IJK, or the user czn let the program place the satellite on the "I axis ofthe IJK system

at tile radius of'perigce tRlIl distance supplied by the user. This latter choice gives the
initial location of the satellite, but to get the velocity the program will prompt the user

for one of the flrllowin-:

I. the actual velocity in the IJK system.

2. the eccentriciti tei of thle orbit. In which case the velocity is calculated iron the
l'ollowing equtions.

a - semi-major axis

ENR - - " encry mass

Whre it - MCG
NI mass ofearth
G ', Universal gravitational constant

3. the rdius of apogee RLA) The velocity is calculated by first calculating the ec-
centricity (e from the following:

Re.I -RP
RA -RI'

'With the eccentricity the same equations used above are used to calculate the ve-
locity.

In order to give the velocity a direction the inclination (i) of t,, orbit is r.quircd from

the user. The folloxvin2 equations are used to calculate the velocity vector:

'= .0i



The program will check to ensure that the orbital eccentricity is less than 1.0, ifit is not
then the program will reject the inputs. Arter the initial input are accepted. the program
will do calculations fbr the six orbital elements required to describe the size. shape and
orientation of the orbit, and to pinpoint the position of the satellite along the orbit at a
particular time. This classical set of six orbital elinitnts are as follows:

I. a. seni-major axis.

2. e. eceniricity.

3. i. inclination.

4. C. longitude ofrthe ascending node.

S. oi. argument of perigee passage.

r,. "r.t:3m ofrperigec passage.

The progrm actually calculates more orbital elements than the six classical elements

required to plot the orbit. this is done in at eftbrt to make the program as robust as
poiste. "l'h1:s wll add in the ability to expand the program in the larure.

11' the -itellite is not ilitially at tile perigee point then the satellite r! first be

steppeJ around to the p.-rigee point. The program then enters a loop that calculates the
orbit from the perigee point through one complete orbit around the earth and back to
the perigee point. The orbit is calculated in steps or 2 times pi divided by an integer, i.e.,
2 times pi divided by 51. This step size was used to ensure a smooth orbit for display
purposes and also to get within adequate distance to the perigee point or other location
for a velocity change. After the loop is completed, the program will offier the user a
choice or the following plots to check the orbit:

1. perifocal

2. grounutrack

The program then goes into a loop offering the user the following choices until the user
decides to end the program:

I. plot ,nuther view of the samie orbi.



I: te uer wihes to riot ,liother view or the sanie orbit then the u cr may use
thi ,hoi,e to reenter tile diqply portion or the program.

2. rot th. nemt ortt perturbed or unperturheii.
I o pot t11 next orbit tile .ttdllite is steppcd around the complete orbit either

with or withotut perturbing Iorces ellecting the satellite.
3. chie the initial conditions.

The program goes to the beginning orthe program and allows the user to change
tile initial position and velocity or the satellite.

4. change tile velocity at a vpecific location
Step the satellite around to a specific true anomaly and make a velocity change

-it that location.

5. clear the previous orbits from the plot.
Clear the memory of all the previous orbits and only retain tile current loc-%tion

and velocity as the initial position and velocity.

Before each new orbit, the orbital elements arc recalculated.

There are several common assumptions and constants used throughout the program
i.e. all bodies are considered to be spherically symmetric (this allows these bodies to be
treated as dhough their masses are concentrated at their c.ntcrs (point masses)), other

asiizmption will be covered in their respective chapters.

I4



Ill. UNPERTURBED ORBIT

The subroutines that cictulate the unperturbed orbit are the most widely used sub-
routines in tile entire program. These subroutines are called to step the satellite around
to the perigee point from the user supplied initial position and velocity, to calculate the
next unperturbed orbit, and for any %elocity changce. No matter which of these sources
supply the initial position and velocity the program calculates the unperturbed orbit in
the same manner. The only difference is where ii: the orbit the satellite is initially when
these subroutines are called. B.efore the unperturbed subroutines arc called, tle orbital
elements are calculated.

Tlhe unperturbed subroutines are called by a single subroutine 'UNPRII' which has
the following basic algorithm:

I. Increment time by the time step size (D'11. The time step was chosen as the period
di'ided 1,% i'ty to give a smooth plot. but more importantl. to ensure ;hat the
satelhte is within an acceptable distance from a specific location for a velocity
chwnee. The angular error caused by the step size can be as much as P1 50 irom
the desired point lr a circular orbit and will increase for more eccentric orbits.
[his error becomes a factor when the user is making velocity changes, and therefore
it will be co'ered in that chapter in further detail.

2 Calculate the new elements. The calculation of the iew e!ennt is the heart or'this
;;:korthm. The site. shape and orientation o' the orbit remains unchanged. What
is required is the position or the satellite along the orbit as a flunction of time. 'The
problem becomes a matter to solve -the Kepler problem-predicting the fliutre po-
sition and \elocity o1' an orbiting object as a runction of" some known initial posi-
tion and vclolity and the time of llight [Ref. 1: p. iSIJ. An algorithm using these
principles will follow:

a. A time step (D') is added to the time of fli-ht(TF), time of flight is the elapsed
time since the satellite passed the perigee point.
TF- TI.'- DT

b. The new mean anomaly (MA) is calculated from the new time offlight, and the
mean motion (M M).

.1 - .131 x TF

c. With the new mean anomaly the new eccentric anomaly (EA) is calculated.
Because the solution to the Kepler problem (M.. - E - e x sin(EA)) is
transcendental, an iterative solution based on the Newton method of root find.
ing is used. *fihe root in question is a solution to the equation

. .i - e+ c x sintE..) = o) . T[his algorithm takes the form or[Ref. 1: p. 222):

I .I 31. = E.A. - e x sin(EA.)



-. : -E.I. ,-l

Wher thic equation Is applhCd initially to EA.. - .,,1and then reapplied
until the difTerence between MA and .I.4, becomes small enough to be ig-
nored.

d. The new true anomaly (r,) is calcu'ated from:

Cos' he - co,i E.4))
e cos(E.A) - I

3. Calculate the new position and velocity. The position and velocity are calculated
in the perirocal coordinate system (PQW%'). The PQ\\ system uses the orbit as its
flurdamental plane and thererorc requires only two coordinate to specify the satel-
lite's position and velocity. The :. coordinate is by definition alway,, equal to zero.
The position of the satellite is calculated as:

.v\,, r cosv
y,- r sin i

The velncity or the satellite is calculated as:

" - C +" COSV )

4. Store position and elements in arrays Ibr plotting. In order for the program to plot
the orbit the radiu., true anomaly. inclination, and argument of perigee must be
stored in arrays. The use of these arrays to plot the orbit will be explained in
chapter o.

5. The process is repeated until the satellite is at the perigee point and the true
anomaly is two pi.

The procedure ued to calculate the unperturbed orbit leave very little to be modified
by a programmer. The only choices that had to be made concerned step size, how to tell
the UNPRET subroutine that the perigee point had been reached, and a value of ac-
ceptable error for newtons method. For the unperturbed orbit, the step size just had to
be small enough to produ.:e a smooth plot of the orbit. Two indicators for perigee were
used. one was that the true anomaly was greater than 6.21 radians (two pi equals 6.2S
radians) and the time fIrom the previous perigee point will be greater then the period.
The two indicators were logically 'and' together to ensure the perigee point was reached.

S
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IW. PERTURBED ORBIT

The perturbed orbit uses the same basic routines as the unperturbed orbit in step-
ping tle satellite around the earth with one major difterence, th, perturbing rorcks
produce a tirme rate of change or the orbital elements that must be applied at ea-h t ,,
ste,. The variation or parameters method is used to determine this influence or the
perturbing forces on the orbital elements. The analysis is simplified by using the orbital
coordinate system 'RSW', as explained in appendix B. rhe basic algorithm is as follows
(Re. I: p. 4 71:

I. At i - t. calculate six orbital elements.
2. Compute the perturbing forces and transform it at r - r, to the 'RSNV' SYSTEM.
3. Compute the time rate.of-change of the elements.
4. Ckulate the change ol'element.s lor one time step, and add the changes to the old

aluci at cach step to get the new elements.
,. From tihe new va!ues or the orbital elements, calculate a position and velocity.
6. Go to the step 2 and repeat until -he final time is reached.

The steps in the algorithm will be explained in the following Sections:

A. ORBITAL ELEMENTS
The sta, dard orbital elements a. c. i. . cw tand T (or M) will be used, where

a - sezni-mauor axis
e - eccentricity
i n inclination

- longitude of ascending node
- argument of perigee

T - time of perigee passage
(01, - mean anomaly at epoch - . - n(1 - ,)). The elcments are calculated only

at the beginning of the orbit, from the initial position and velocity vectors. The elements
are then chanced continuously throughout the orbit by adding the changes due to the
perturbing forces. For the perturbed orbit, the satellite will always begin at the perigee
point. This is done so one complete orbit is from perigee point to perigee point.

lIi



D. COMPUTE PERTURBING FORCES
IhN variation of pinr~tners nithod requires that thle prrwrbing forces be calculated at
eachi step In the orb'it. In order to do this a mnodel of ej-ch pcrturbing force must be

*de~elopt-d. The fo',11ming perturbing far, es where used in cakulating the total perturb-
ing force eff-cting the satclinc:

* I. oblateness of'the earth
2. atmospheric drag
3. gravitational attraction of'thie sun

4. gravitational attraction of the moon

The mapnitudebs oi these forces have an enormous range or values and are dependent
on the distance the satellite is from the perturbing body. Figure 1 on page 12 shows a
graphical representation of' the magnitude of' the perturbing forces in a il-log plot of'
perturbing rorccs per unit mass I(Re. 2: p. IV-6 11. The model of' each or' these forces
fol1lows:

1. INON-SPHERICAL EARTH
The earth is not perfectly spherical, but bulges around the equator. The polar

and equatorial diameters are 12713MU Km and 127S6.3 Km. respectively. 01Ci oblatenes
*results in a prrwrbine Iborc per unit mass with these components in the 'RSN% coordi-

11t te q VSt eii R e 1 3: p. S I

.1 (- (r sin2(i) sin(iu.) cos~u. ))

The varinble and constants of these equations are defined below:
1Variables:

* a. III M the argument of latitude and is equal to the true anomaly ve plus the ar-
gumecnt of periece w.

11. r =the radius from the center of the earth to the satellite.
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,,- tl:e vr%::ational paranieter ol' the e.rth.

b. J. - the second harmonic of oblateness coeflficient. determined by experimental
observations,

.3 - ISIS23E- 3

c. r, - the mean radius or the earth,
re - 6.37S23K.m

2. ATMOSPHERIC DRAG
The formulation or atmospheric drag equations are plagued with uncertainties

of atmospheric fluctuations, frontal areas of orbiting object (if not constant), the drag
coell,:ient. and other parameters. A l'irly simple formulation will be given here. Drag,
by definition, will be opposite to the velocity or the vehicle relative to the atmosphere.

Thus. the perturbing force is

* IE-I 2,s C) .. IR . DR'V. r-7

The velocity vector is in the *IJK' system so the resulting force is also in the 'IJK' svs-

tern. Thererore a transformation to the *RSW" system is required.
The variables and constants of tids equation are defined below:

I. Variables:
5. v - speed ofvehicle.

. Cl) - the dimensionless drag coefficient. The drag coeflicient CD has a value
between I and 2. It takes a value near I when the mean free path of the at-
mospheric molecules is small compared with the satellite size, and takes a value
close to 2 when the mean free path is large compared with the size of the satel-
lite. The drig coefficient will be modeled with CD - 2 when the satellites alti-
tude is greater than 550kn and equal to I otherwise. [Ref. 4: p. 2951

c. DEN - atmospheric density at the vehicle's altitude. The density is spherically
svmmctric. and will be modeled using exponential steps using the parameters in
1 able I on page 14 and the following formula [Re" 1: pp. 423-4241:

01:3 - e -' .

13



Tahle I. ATMOSPHERIC PAR VNIETERS AND VALUES

_____________ ____________ i , _____________

_,.____,_____-____, __. 4'i____ ,________ ..,i .... 1. 214 .i ,2

51 I.15IC.i .l 9Lt7 Liu '3I."q

_ _ _ _ _ 1 I_ __-1

2. Constmits set to typical values:

i. m m mass of the satellite, set equal to Il(kg.

h. Alt - thi % Coiiil area o' the vehicle pcrjandi,.ular to the direction of
116i onll. 4

3, PERI )UE TO HEAVENLY BODY

'rhe sazellite ...,. perturbation forcei due to the graviintional elTects

of the un mnd tie moon, i fte rerturbation rorce rrom a perturbing body is the differ-

ence between the gravittional force due to tile perturbing body at the :attllite and the

criJtationl force the satellite would experience if it were at the center of the earth.

I rom I igur 2 on page 1. the perturbing rorce per unit mass orthe satellite is

r.j - U, j2;.,

p. -l - '., I

The variable and constants are delhned below:

I. Variables:

a. i& - distance, from the earth center for the perturbing body

b. i - unit vector from the earth to the perturbing body

c. r - distance from earth center to the satellite

d. i, - unit vector from the earth to tie satellite
2. COInstantsI:

a. p, - grajt'itional constant of the perturbing body - .1i,G

The subscript p is to be replaced by s if the peiturb-ng body is the sun. and by rn if the

perturbing body is the moon. We will assume lh.,t r < < r, then the etlirttion zabove

14
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Figure 2. Perturbation forces.

rp

The unit vectors 7, and 47 can be written in terms of the 'IJK' system as:

4 - (cos(Q) cos(uo) - sin(f) cos(,l) sin(&o))l + ( cos(uo) sin(a) + cos(w) cos(,) sin(.' 0))J +

(sin(,) sin(&O)k

ip ( cost.,,) cos(uop) - sin(l,) cos(i,) sin(uo,))I +

(cos(.,,) sin(Q) + cos(w,) cosQ) sin(uo0))J + ( sin(i) sin(&o,))K

where Q, i, and t4 are the orbital elements of the satellites and D,, ,, and %, are the

orbital elements of the perturbing body. The rormulas above use the 'IJK' system, and

as such the resultant forces must be transformed to the 'RS\V' system. Models of the

sun and moon orbits are required to calculate , and ,. The models used in the program

for the sun and moon's orbits follows: [Ref. 3: pp. 73.741

a. SLIjNS POSITION

In order to model the suns orbit, a number of simplifications had to be

made in the actual parameters of the suns orbit. First the sun will be assumed to be in

a circular orbit.This means that the radius (r) to the sun will be constant, and the ec-

centricity (c) will equal 0.0 instead of its true value of 0.017. The other assumption will
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t'e o rld41e the sun oi til 'I' ' .\:% of the ]JK system at the beginning or the program
4nd have it proqres thro:ch its orbiLt is the program runs. These ',hanges will not elTect
the perturbing for,:c in .y noticeable ia n ude.

Th1 failowm:n variables and constants where used in the program to model
the suns orbit after applying the simplifications: [Ref. 3: pp. 75-7S]

I. Constants:

a. Gra,'-itational Constant: G - .6"E- 11

b. Sun's .Mass: in, - I.99I30Kg

c. Sun's Gravitational parameter:

P - 1.32733E20 .mL

d. Sun's eccentricity: e, .- 0,

e. Radius of orbit, assume sun is in circular orbit: r, - 1.49EI lin

. Sun's inclination: si - 23.45 deg. - 4.09279709d.01 radians

g. L.onyitude ofrascending node: Q ,- 0.0

h. Argument of perice: (a, - (.t

". V,riables:

a. The true anomaly of the sun's position as a function of the time the satellite has
becin in orbit:

30x24 x 3w
Where TT - true tine, the tine the satellite has been in orbit (see)

b. Sun's rosition vector: F - r cos v01P + r sin ',Q

c. Unit vector from the earth to the sun: i, -
II

b. MIOONVS POSITION

In modeling the orbit of the moon. similar assumptions where used as with
the sun. The moons orbit will be assumed to be circular, actually the eccentricity is

equal to 0.055. By placing the moon initially on the I axis of the 'iJK' system along

with the sun, the gravitational forces of the two bodies will combine to a maximum.

However; since the moons orbital period is only 27.3 days, the moon will not stay in this
alignment and thc magnitude of the combined I1rces will var' with time. *ihe inclination

of the nioons orbiE is not constant. but drifts between 1S.3 and 2S.6 degrees in ten years.

16



.\1so th ln~itude of the a%endui1Q node 4 1 vo4Il t t ,twcn .10~r~ .13 drecs. To

s h c lw!:;l.'ton w :l I|c cio~cn a; a cow.ant .4 J d;rw atJ the lonzituJc
or thie ,iv€end1n1. node at 41i' d¢t.rces. For the tone rvriod lin'c4 in cakulating tile

perturbed orbit, these assumptions will not make an' signifclant dill rence.

The rollowmin variables and constants ;Vere uqed il tie program to model
the moons orbit. atic. applying the sniphWications:

1. Constints:

I. Gravitational Constant: 0 .-E 7- I Xie

b. Mnon's Mass: lnq -a ".3SE224,

C. Moon's Gravitational Parameter: ., w- 6.1,, - 4.91I;12 (.i..

d. Moon's ccentricity: c. 0.0

e. Radius or orbit, assume moon is in circular orbit: r, - 3.S4-ESkin

1. Moon's inclination: i - 2.5deg. - 4.1UIS2374C.l radians

g. Moon's lonitudc of ascending node: Q,,- 0.0

h. Moon's irgumwnt ol rerigee: W, - AIU

i. Moon's reriod: r - 2-.. days IperioJl

2. Variables:

a. 'rhc true anomaly ol the moon's position as a function or the time the satellite

has been in orbit: v .'1"!i - ! 27 7

b. Moon's position Vector: F r cos vP,. + r sin vQQ

c. Unit vector trom earth to moon: ' -

The models of the sun and moons orbit calculates the position vector in the 'PQW'

system and therefore the position vector must be transformed to the "IJK' system.

C. RATE-OF-CHANGE OF ORBITAL ELEMENTS

The derivations and equations of the rates-ofrchange or the orbital elements are

contained in rererence I pages 39S to 406. Therefore; only a summary of the actual an-

alytic expressions for the rate-or-change or the parameters in terms of the perturbations

will rollow:

!. Rdte-ol-change or tle SeIti-major axis:
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S I E

II

I. Rate-or-chall-C of the wetriity:

~.Rmetcor-changc or the inclination:

E- . __.-,I [ r, .,.w

Wil\ I - e

4. Ratt-of.change of the longitude or the ascending node:

11C,4, I - C sill i

5. Rate-olIhan--c or the argumcnt or ript:

4 kit tit tit

\\herc.
,i,., \ I -. C" o 5 + 1 ;

T ~ I( [ ] sin vo(l + 1 ,-e os ;
(itI el os )Jb,

-r cot i sin i, ,
S)1a\ lIe

6. Rate-o-change or the eccentric anomaly:

dE [( sin ro +-)(I + e cos 'o) - (cos )o (--f cos vo +e sin 'o)]

(i sin(E.J) [1 + e cos ro0J

7. Rate-or-chan-e or the mean anomaly:

EE I dEA. '
dt w ,I di tit

is



1:..s k .jrwn rzJdtes to the following lbr ,ircuiar aind ecliptic orbits
f11'* iell |

Mr1 r .1t*
, . s - -' I -11:

Where the Rate. cfhange or the mean motion:
~-.-----J't-'

lref. I p. 9.40'1

D. NEW ORBITAL ELEMENTS
The change or each element is calculated by multiplying the rate.o-change or the

element by the time step IDT). The change in the orbital elements are then added to tile
current values or the elements to give the new orbital elements. With the new elements

calculated, the satellite is stepped forward and the new position and velocity are calcu-
lated in the same manner as the unperturbed orbit (chapter M). Also as with the unrer-
turbed orbit, the process is repeated until the satellnte is ,t the perigee point. indicated
by the time or f.iht P 'TFc equal to the period of the perturbed orbit.
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V. VELOCITY CHANGES

The abilty of the student to change the velocity of the satellite at any position in
the orbit is a vital cement in this program. With velocity changes the student can in-
vestigate the elrc-cts of'varyin; the satellites velocity as in transrer orbits and inclination

changes. In order to simplify the program the unperturbed orbit is used throughout this

routine. The velocity change algorithm used in the program follows:

I. Rotate to velocity change location.
The user is Liven the choice of changing the velocity of the satellite at the

perigee. apogee or at any true anomaly. If the user chooses perigee or apogee as
the channe locations, the true anomaly is set equal to zero or pi radians respect-
fiull:. N%'ith the location o' the velocity change, the satellite is first stepped around
to tihe desired true anomaly. The stepping is identical with the unperturbed orbit
with the exception that the stepping terminates when the true anomaly is greater
or equal to the desired true anomaly. With a step size of one fiftieth of the period,
the satellite is actually stepped around to a location near the desired location. This
variance can be reduced by decreasing the step size but this would increase tle
computation time. This error will be a major factor in precise calculations of
translfer orbits, or any other orbital maneuver where precise velocity changes are
required. I lowever: this prograin is not a tool to calculate precise orbital maneu-
%verb ut rather a learning tool for the student to get a Pel for the results of velocity
chai ocs in a satellite's orbit.

2. Chance the velocity.
\\ ith tle satellite at the desired location, the program calculatcs and displays

for the user the satellites current velocity, escape velocity and circular velocity (the
%elo.ity required to circularize the orbit). The program will not allow velocities
greater than or equal to the escape velo.ity. The user is given the option to enter
a new velociy in the 'IJK' system or to change the magnitude of the velocity in the
orbital plane. If the user chooses to change the velocity in the orbital plane, the
program will prompt the user for the magnitude of the velocity change. and multi-
ply this change by a unit vector in the direction or the satellites, velocity. This ve-
locity chanee vector is then added to the satellites velocity vector, to calculate the
new velocity vector.

3. Calculate new elements.
The orbital elements are calculated with the new velocity vector and the satel-

lite's position vector.

,. Complete the orbit.
The prograin will complete the orbit to the new perigee point using tne satel-

litc's position. new velocity and new elements. There are a number of problems
that arise if the satellite is just stepped around to the perigee point. For example,
with velocity changes in the orbital plane the apogee and perigee directions can
physically swap. This is a problem when plotting with the perifocal coordinate
system because tle . axis points toward perigee. To avoid problems like this the
arrays used in plotting the orbit must be cleared and the satellite's current position
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"n;J 'clLacity N' treattiJ a initial conditions. I lowever: to comlrarc the old and new
'c:nj:t le, wr,: dimded into the Ibillowing four cases to handle these rrob-

ai. (Iiange %elocity in the orbital plane at the perigee point with the new velocity
greater thin the circular velocity. The pericee point will remain the same so the
saitellite is stepped around using the unperturbecd subroutines,

b. Change velocity in the orbital plane at the perigee point with thle new velocity
less than or eqlual to the circular velocity. The perigee and apogee directions
will switch so the plotting arrays are first cleared and stored with tile Current
location data. Because the satellite is now at the apogee point the satellite is
stepped around to tile perigee point storing the second hair or thle orbit. Tlhe
entire next orbit is calculated and storcd to get a complete orbit.

c. Change velocity in the orbital plane at thle apogee point with thle new velocity
leis than the circular velocity. The perigee and apogee directions will remlain thle
same, so thle satellite is stepped around to the perigee point completing the orbit.

d. This~ lust case catches all the following velocity changes: velocity change in thle
orbitmI plane at thle apogee point with the new velocity greater than or equal to
the circular velocity, velocity changes at any other true anomnaly in the orbital
planie, and any %elocity chanige out ul'the orbital plane. The plotting arrays airc
-Jleured and stored with the current location data. No matter where in the orbit
thle satellite is. thle satellite is first stepped around to the perigee point, and to
ensure a complete orbit is rlotted the entire next orbit is also calculated and
stored.



VI. GIAPHICAL PLOTS

The program provides two types of graphical displays of the orbit, a display in the
perifocal coordinate system and a display of the satellite's ground track. Each display
type is uselul in observing difierent aspects or the orbit. The perifocal display will allow
the user to see how certain orbital parameters change with different initial positions and
velocities, and also how the parameters change with velocity changes at varying posi-
tions in the orbit. The ground track will enable the user to gain an appreciation for the
physical location of the satellite above the earth, and see how the orbital parameter af-
f'ects the path of the satellite. The ground track will also display the precession of a se-
quence ororbits. Both displays plot the position steps to give the user an understanding
of how the satellite speeds up at perigee and slows down around apogee.

The DISSPLA package on the mainframe computer was used to enable the plotting
of the orbits. Tile versatility of plotting subroutines of DISSPLA makes the actual

progranmming or the orbit a simple matter of'initializing DISSI'LA for the type of mon-
itor being used, setting up the plotting area, initializing the axis and axis scale, and then
plotting the desired curve f'rom points contained in arrays. This is a simplified explana-
tion of DISSP.A. but for further details on DISSPLA programming refer to the
DISSPLA user's manual [Rel. 5]. DISSPLA also supplies subroutines to draw a variety
of projections of' the world and fill the projections with coast lines, latitude lines and
longitude lines. Tnere are a couple of DISSPLA requirements that did require special
handling in the program. The requirement that the data be supplied in arrays forced tih.
program to load arrays with the required position and parameters and to keep a counter
fbr the number in the arrays. The array format requires the size ofthe array be specified
in the beginning of the program. The array size needs to be large enough to hold a
number of orbits, but not so large as Co waist storage space. The program will continue
to add orbital data to the arrays until the user chooses to delete the previous orbits. If
a new initial position and velocity is entered or if the arrays will overflow with the next
orbit the arrays will automatically delete all previous orbits. DISSPLA also requires that
all data be in single precision format. The program calculates all orbits in double pre-
cision in order to limit the effect of round-off error, but by using the single precision data
for plotting will not aflfict the accuracy of the plot in any way.



"he subroutines ,.sed to dil'lay the orbits will N¢ co\ered in the following three

A. PERIFOCAL PLOT
The plotting of the orbit in the perifocal coordinate system is the easier of the two

types of plots. Since the perifocal coordinate system has the orbital plane as the fun-

damental plane, the only requirements to describe the orbit in the perifocal coordinate

system are arrays with the true anomaly and the radius to the satellite. To give the user
a sense ofrthe size ofrthe plot. the axis lingth varies with the eccentricity and semi-major

axis length. Also a plot of the earth is plotted to the same scale, with the pole or center
of the plot on the origin of the axis. The latitude of the earth at the center of the plot

will vary with the inclination of the orbit. This plot will allow the user to see a relative

view of the satellite's coverace in the minus Z' axis direction of the periflocal coordinate

system.

B. GROUND TRACK

The ground track plot is a very complex subroutine compared with the perifocal

plot. Because the ground track is -,ot a Continuous curve a procedure to handle the

satellite ending at one end of the plot and wrapping around to the other end was devel-

oped. The wrap around problem is avoided in most orbits by plotting the orbit in see-
ments with the following two fules. Each segment begins at the beginning of a new plot
or at the edge cf the plot area. and ending when th- satellite would wrap around to the
other side of the plot. At the beginning of a se,,ment if the position otf the satellite is

within five degrees of the edge of the plot, that position and any other positions within
that five degree boundary will not be plotted. The segment will end when the satellite
is within ten degrees of the edge of the plot. The above restrictions imposed on the

segments of the plot will not substantially affect the interpretation or usefulness of the

plot. The ground track is plotted on top of a cylindrical equidistant projection of the
world, with the world coast lines and a longitude-latitude grid for reference.

C. DATA

Information concerning the orbit is displayed on the lower half of the plot. The

information is designed to supply the user with enough of the basic orbital elements and

other parameters affecting the orbit to be able to evaluate what basic type of orbit the

satellite is in, and the efliects of velocity changes and perturbing forces have on the orbit.

The followinLg data are plotted: inclination(i). semi-major axis (a). eccentricity (e). period
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per). Iapogce and perice velocity and radius. average tirnc rate.orchange or orbital cl-
emen, and the average magnitude or'perviurbing orces per unit nmss.
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NII. CONCLUSIONS AND RECOMM1ENDATIONS

The program supplies the student with an interactive tool to study the orbital mo-

tion of satellites around the earth. The student can investigate a variety of orbits by
varying the orbital parameters, command velocity changes, and observe the eifects of

perturbing forces.

The student is provided with two options for entering the initiai position and veloc-

ity or the satellite. The program could be expanded to provide the student with the ad-
ditional options of entering either orbital parameters or a ground observation data and

have the program calculate the initial position and velocity from this data. Also the
student is linited to orbits with eccentricities less than one (elliptic orbits). The program

could be also be expanded to include more eccentric orbit for Lunar, interplanetary, and

missile trajectories. The perturbing orbit is calculated for orbits around the earth with

rlati\ely small perturbing forces in relation to the earths gravitational force. This fact

will cause the program to produce false results if the student tries to calculate lunar

tr, dcetories. Special routines would have to be employed when the perturbing force ithe

moons gravitational attraction) is comparable to the earths gravitational attraction.

This will not become a factor for studying current satellite orbits out to the

eaosynchronuus radius of' 22 '1.l1 ki.

The velocity change subroutines move the satellite to a location close to the desired

location bel'ure a velocity change is imposcd. By reducing the step size in the velocity
change subroutine, this error could be reduced. Precise orbital transfer maneuvers can

be modeled by reducing this error caused by the positioning of the satellite prior to

changing the velocity. The program will currently provide the student with useful plots

for gaining experience with various transfier orbits by varying the magnitude and location

of the velocity changes.

The output of the calculations of the orbit are arrays loaded with the satellite's po-

sition and select orbital parameters. The DISSPLA subroutines that plot the points are

not unique. The program would become portable to personal computers with these

graphics subroutines written in FORTRU\N and included in the program.

A final recommendation is that the display of the ground track could be modified

to show ground coverage, number of satellites in a constellation, and other elements

necessary lbr pl,,nning a real-world artificial satellite application.
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APPENDIX A. ORBIT PROGRAM
PRO"RAH CRBIT OR00010

THIS EROGRAM IS AN INTERACTIVE TIME STEP SIMULATION OF OR0O0020
* SATELLITES AROUND TUE EARTH. PERTURBED AND UNPERTURBED ORBITS O0O0030

ARE CALCULATED AND PLOTTED. VELOCITY CHANGES ARE ALSO PER.9ITTED OR300040
AT SPECIFIED TRUE &NOMALIES. ORQO0050

ORD00060
A LIST OF VARIABLES USED BY TIE MAIN PROGRAM FOLLOWS. ORO0070
A = SEMI-MAJOR AXIS OR300080
AL x ARGUMENT OF LONGITUDE ORBOO090
AP - ARGUMENT OF PERIGEE OROO100
CHTA - VELOCITY CHANGE LOCATION TRUE ANOMALY ORBO0110

* DT x TImE STEP OR000120
w ECCENTRICITY ORBOO130

EA a ECCENTRIC ANOMALY OrBOO140
Eil I VECTOR OF ECCENTRICITY OIB00150
EJ - J VECTOR OF ECCENTRICITY OR0O0160
EX a K VECTOR OF ECCENTRICITY ORBO0170
FR = R VECTOR OF TOTAL FORCE OR3O0180
FS = S VECTOR OF TOTAL FORCE ORBO0190
FW a W VECTOR OF TOTAL FORCE OR0O0200
3! z ANGULAR MOMENTUM ORD00210
HI w I VECTOR OF ANGULAR MOMENTUMI ORBO0220
) 3J = J VECTOR OF ANGULAR MOME4TMN ORBO0230
1;* K VECTOR OF XNGULAR MOMENTUM ORBO0240
I = INCLINATION ORBO0250
IOPTI PERTURBED OR UNPERTURBED OPTION OR000260
TOPT2 OPTIONS: PLOT NEXT ORBIT, CHANGE INITIAL VALUES, ORBO0270
CHANGE VELOCITY, PLOT ANOTHER VIEW OF ORBIT, QUIT OR000280
LAS w LONGITUDE OF ASCENDING NODE ORB00290
LP = LONGITUDE OF PERIGEE ORBO0300
MA a MIEAN ANOALY ORBO0310
'Ti = MEAN MOTION ORBO0320
MU w GRAVITATIONAL PARAMETER ORBO0330
N = ASCENDING NODE ORB00340
NI I VECTOR OF ASCENDING NODE ORBO0350
NJ = J VECTOR OF ASCENDING NODE ORBO0360
SK = K VECTOR OF ASCENDING NODE ORBO0370

* NUM = STEP COUNTER ORBO0380
* P - SEMI-LATUS RECTUM ORBO0390
* PER - PERIOD OF ORBIT ORBO0400

Pi = PI ORBO0O10
* RA = RADIUS OF APOGEE ORBO0420

RE - RADIUS OF EARTH ORBO0430
R = ORBITAL RADIUS ORBO0440
RI = I VECTOR OF ORBITAL RADIUS ORBO0450
RJ = J VECTOR OF ORBITAL RADIUS ORBO0460
RK = K VECTOR OF ORBITAL RADIUS ORBO0470
T = TIME COUNTER IN ORBIT ORBO0480

* TA = TRUE ANOMALY ORBO0490
TDA = TOTAL CHANGE IN SEMI-MAJOR AXIS ORBO0500
TDAP = TOTAL CHANGE IN ARGUMENT OF PERIGEE ORBOO510
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* TDE = TOTAL CHANGE IN ECCENTRICITY ORBOO520
TDiH a T TAL CHANGE IN ANGULAR MOMENTUM ORBOO530
Tn! a TOTAL CHANGE IN INCLINATION ORBO0540
TD:A = TOTAL CHANGE IN MEAN ANOMALY ORBOOSSO

* TD:!I I TO2TAL CHANGE IN MEAN MOTION 0RD00560
TDLAN= TOTAL CHANGE IN LONGITUDE OF ASCENDING -;ODE ORBO0570

* TF = TIME OF FLIGHT ORBO0580
* TFDRA= TOTAL FORCE OF DRAG ORBO0590
* TFEA = TOTAL FORCE OF EARTH'S OBLATENESS ORBO0600
* TFMO a TOTAL FORCE FROM MOON ORBO0610
* TFSU = TOTAL FORCE FROM SUN ORB00620
* TL a TRUE Longitude AT EPOCH ORB00630

-iT TRUE TIME SINCE SATELLITE HAS BEEN IN ORBIT ORBO0640
* V - SATELLITE VELOCITY OR300630
* VI = I VECTOR OF SATELLITE VELOCITY O00660
* VJ - J VECTOR OF SATELLITE VELOCITY OR0O0670
* VK - K VECTOR OF SATELLITE VELOCITY ORBO0680

ORBO0690
* A LIST OF THE ARRAYS USED FOLLOWS: ORBO0700

ORB00710
* AINRAY z INCLINATION OR000720
* APRAY a ARGUMENT OF PERIGEE ORB00730
* RARAY - RADIUS OR00740
* RIRAY = I VECTOR OF RADIUS ORBO07SO

RJRAY - J VECTOR OF RADIUS ORBO0760
* RXRAY z K VECTOR OF RADIUS OR300770
* TARAY = TRUE ANOMALY ORBO0780

TIMRAY = TIME ORBO0790
ORBOOBO0

A LIST OF SUBROUTINES CALLED BY THE MAIN PROGRAM WILL F-OLLOW: ORBOOBO
ORBO0820

* CALCEL w CALCULATES THE ORBITAL ELEMENTS ORBO0830
CHGVEL z ALLOW THE USER TO CHANGE THE VELOCITY OF THE SATELLITE ORBOO40

* INPUTS = PROMPTS USER FOR INITIAL POSITION AND VELOCITY ORB00850
* INTSUM a INITIALIZES THE SUMS IN THE ARRAYS ORB0060

NEWELT a CALCULATE NEW ORBITAL ELEMENTS FROM TIME STEP ORB00870
* NEWPOS x CALCULATE NEW POSITION VECTOR ORB00880
* NEWVEL = CALCULATE NEW VELOCITY VECTOR ORB00890
* OPTION a GIVE THE USER THE OPTIONS Permitted IN THE PROGRAM ORBO0900

PLOTS x PLOTS THE ORBITS OR000910
PRETUR - CALCULATES THE PERTURBED ORBIT ORB00920

* STORE a STORE THE POSITION DATA IN ARRAYS OR100930
UNPRET - CALCULATE THE UNPERTURBED ORBIT ORBO0940

ORS00950
* BEGIN MAIN PROGRAM ORBOO960

ORBOO970
DOUBLE PRECISION PI,MU,RI,RJ,RK,R,VI,VJ;VK,V,HI,HJ,HK,H, ORBOO98O
+ NI ,NJNK,N,P,EI,EJEK,E,AI,LA,APTAAL,LP,TL,PEREA, ORB00990
+ MMMA,T,DT,TF, FR,FS,FW,TTCHTA,RA,VATEMPTA,RE ORBO1000

ORB0O 1010
DIMENSION TARAY(500) ,RARAY(500) ,RIRAY(500) ,RJRAY(500),RKRAY(500), ORB01020
+ AINRAY(500) ,APRAY(500) ,TIMRAY(500) ORB01030

ORBO1040
C*ARACTER*1,LOOP, YORN, ORLOOP ORBO1050

ORB01060
PI = 3. 141392633589794 ORBO1070
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Mt: a 3.9S6012D 05 OR01080
RE " 6.378145D+03 ORIO1090

ORB01100
* !SER INTRO TO PROGRA.M OR301110

CALL INTEO OR301120
OUO1130

EN'TR.RED MAIN PROGA.M LOOP OR0110
LOOP n 'Ys 03U101150

10 IF (LOOP EQ. 'Y') THEN OROI160
ORBOI170

* INITIALIZE STEP COUNTER AND TRUE TIME ORJOII8O20 .1,' -, 1 ORSOI19020' 0 .0 O31200
.0R01210

* PROMPT USER FOR INITIAL POSITION AND VELOCITY 0R101220
CALL INPuTS(RI,RJ,RK,R,VI,VJ,VK,V,MU,LOOP,PI) 0101230

01R01240
* EXIT PROGRAM OR301250

IF (LOOP .EQ. 'N,) THEN 0R!01260
GOTO 10 OR01270

ENDIF 0101280
01301290

* CALCULATE AND STORE ORBITAL ELEMENTS O01300
CALL CALCEL(RI,RJ,RK,R,VI,VJ,VK,V,EI,EJ,EK,EA I,LAN, OR01310

+ LP,TA,PER,EAMA,AP,AL,TFP,PI,,U,MM,N,H,HI ,HJ) OR501320
CALL STORE(RI,RJRK,R,TA,RIRAY,RJAY,RKRAYRARAY,TARAY, 0R501330

+ NUMI,AP,AINRAYAPRAY,TT,TIMRAY) OR01340
ORB01350

PRINT DATE FOR USER TO REVIEW ORDO1360
PRINTv1 a', VI, KM/S' OR01370
PRINT*o'VJ "' Vio Km/S' ORB01380
PRINTI ' VK -'I VK1 KMIS' OR01390
PRINT*,' V I Vo K4lS' OR01400
PRINT*I'RI I RIO' K' OR01410
PRINT'D,'RJ :'I RJO' KX' OR01420
PRINTV" RK ', R K *t' ORB01430
PRINT*:: R ' R, x' OR501440
PRIN*T*, ECCENTRICITY -' ,E OR01450
DEGI a SNGL((180.0/PI *I) OR01460
PRIN'r ,'INCLINATION - ,DEGI,' DEGREES' OR01470
PERHRS - SNGL(PER/3600.0) OR01480
PRINT', PERIOD *',FERHRS,' HOURS' OR01490
PRINT*,'ARE THESE VALUES CORRECT? ENTER "Y" OR "N" :' O01500
READ*, YORN OROISI0
CALL EXCMS( 'CLRSCRN') OR120
IF (.NOT. YORN .EQ. Y') THEN ORB01530

GOTO 20 OR01540
ENDIF OR01550

ORB01560
* CALCULATE TIME STEP AND SET TIMER TO ONIE TIM E STEP ORD01570

DT a PER/50 OR01580
T = DT 0RB01590

ORB01600
* STEP SATELLITE TO PERIGEE POINT AND RECORD ORB01610
so IF ((TA.GT.O.063). AND.(TA.LT.6.21)) THEN ORB01620

IT = TT + DT 0RB01630
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CALL NWELT10M~A.E, EA JA oTF,DTs?I, PER) CR301650
CALL NPOS(RI,RJ,RK,R,LAN,AP,I, TA,A,E) CR801650
CALL ORLB0P1TtLNAIVJVV60 ,W

N I 1 + R301670
A.LL STORE(RI,RJ,R.OK,R,TA,RIRAY,RJRAY,RKRAY,RARAY,rARAY ORB01680

N U.- NL I i AP ,A I NRA Y IAPRAY ,rrT I T .RAY) CR501690
T = T + DT LIR301700
GOTO 50 CR101710

ENDIF OR30 1720
CR30 1730

* CALCULATE ELEMENTS FROM PERIGEE POINT ORB0 1740
CALL CALCEL(RI,RJ,RK,R,Vr,VJ,VK,V,E,EJ,EK,E,A,I,L.', ORB01750
+ LP,TAPER,EAXA,AP,AL,TF,PoPI ,,XXo,N,H,HI ,HJ) CR101760

ORB01770
DT z PER/SO ORB01780
T a DT CR10 1790

CR101800
*STORE FIRST Unperturbed ORBIT CR501810

CALL UNPRET(DTPER,ALLAN,APIRI,RJRR,V,JV,V, CR301820
+ MU,PIH,A,ENTA,PX.9L,XA,EA,TF,T,NU-1,RIRAYRJRAY, CR101830
+ RKRAYRARYTARAY,AINRAYAPRAYTIKRAY,TI) CR101840

CR501850
*INITIALIZE SUMtS FOR FORCE AND ORBITAL ELEIIENTr CHANGES TO ZERO OR101860

CALL INTrSUM(TFEA,TFSU,TFXO0,TFDRA,TDI,TDA,TDE,TD ,I,TD4A,TDLAN, OR301870
+ TDH,TDAP) CR301880

CR301890
* PLOT FIRST UNPERTURBED CR3BIT CR101900

70 CALL FLOTS(RIRAYRJRAYRNRAYRAI!AYTARAY,NLXPIILPAE,TF, ORB01910
+ AINRAYAPRAYTlIRAY,TFEA,TFSU,ITMOTTDRA,PERTDI ,TDA,0RB01920
+ TDE,TD L',TDIA,TDLANTDHTDAPI,X,XlALAN,H,APR,V) CRB01930

ORB01940

2.Perturbed ORBIT CR301970
-.QUIT CR301980

IOPT2 - 1. PLOT NE%.T ORBIT CR301990
a 2. CHANGE INITIAL VALUES CR102000

*- 3. CHANGE VELOCITY AT A SPECIFIC TRUE Anomaly CR102010
- 4. PLOT ANOTHER VIEW OF SMllE ORBIT CR302020

* CR302030
*ALSO ASKED IF WANT TO CLEAR ALL PREVIOUS ORBITS CR502040

ORB02030
*CALCULATE ELEMENTIS AT PERIGEE OR102060

80 CALL CALCEL(RI,RJRX,R VI,VJ,VKV,EIEJ,EK,E,A,I,ILN, CR302070
+ LP,TA,PER,EA,A,AP,AL,TF,P,I,U,'C,N,H,HI,HJ) CR302080

ORB02090
*CHECK FOR POSSIBLE ARRAY OVERFLOW CR302100

IF (NUM1 GT. 425) THEN CR302110
PRINT*v,'ARRAYS ARE FULL' CR302120
PRINT-*,'PREVIOUS ORBITS WILL BE ERASED!' CRB02130
IN U. I 1 CR302140
CALL STORE(RI,RJ,RK,R,TA,RIRAYPJRAY,RKRAY,RARAY,TARAY, CR302150

+ NUM,I,AP,AINRAY,APRAY,rT,TIMRAY) OR302160
ENDIF CRB02170

ORB02180
*PROM?T USER FOR DESIRED OPTION ORB02190
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CALL OPTION( I OP Ti 1,ICPT2 ,NV-lRI RAY 9RJRAY,RRAY IRARAY, CR302200
+ TARAY,AINRAY,APRAY,TIMRAY) CR302210

CR302220
Inicia1±::s SLC1S FOR FORCE AND ORBITAL ELEM1NT CHANGES TO ZER OCR302230
CALL 1N7-i 1U(TFEA,-TrSeT.-n0,TF-DRA,TD1,7 ATDE,TD I2TD.A,TDLANt 0R302240

+ TD'.(,TDAP) 01102250

SET TIME COUNTER TO ONE TflIE STEP 0302270
T a DT OR302260

0302290
* OPTION: PLOT THE MEXT OR3BIT 03302300

IF (I0PT2 .EQ. 1) TME 0R302310
03302320

*CALCULATE AND PLOT UNPERTURBED ORBIT 0R302330
IF(IOPTl .EQ. 1) THEN 03302340

CALL UNPRET(DT,PER ALoLAN,APtIRI,R3, 03302350
+ RX,R,VI,VJoVXVNU,PI,H,A, 0R302360
+ E,NV,TA,P,?L1,HAEA,TFT,N11,RIRAY,RJRAYRXRAY, 03302370
+ RARAY ITARAY ,AI.NRAY,APRAY ,TIM1RAY,TT) 0R302380

CALL PLOTS (RI RAY, RJRA Y, R)RAY, RARAY, TARAY, NU1, 033R02390
+ PII,LP,A,E,TAINAY,APRAY,T1I3AY, 03302400
+ iTEA.TFSUlTIOTFDRA,PER, 03302410
+ TI,TDA,ThETD?4H,ThHAThLANTDH,TDAP, 02302420
+ XHMAoLAXj{,APR,V) 0R302430

03302440
*CALCULATE AND PLOT PERTURBED ORBIT CR302450

E.LSEIF(IOPTI .EQ. 2) THEN CR302460
CALL PRETUR(DT,PER,AL,LAN,APoI, 03302470

+ RI,RJoRK#R,VI,VJtVX,V,FRoFSFW, CR302480
+ uUPIoH,AE,N,TAP,HK1,HAEATF,TNUN, 03302490
+ RIRAY,RJP.AY,RKRAY,RARAY,TARAY,AINRAYAPRAY, 0R302500
+ TL4RAYT,TFATFSUTFOTfDRA, 03302510
+ TOI,TDA,TDE,TDef,TDX4A,TDLANTDII,TDAP) CR302520

CALL PLOTS(RIRAY RJRAY,RKRAY,RARAY,TARAYSVI, 03302530
+ PI,I,LP,AETFAINRAY,APRAYTIIRAY, CR302540
+ TFEA,TFSU,TFMO,TFD.RA,PFR, 0R302550
+ IDI TDA,TDE,TD!L.%,TDX%'AThLAN,TDHTDAP, 03302560
+ MlA,LANHjAP,R,V) 03302570

ENDIF 03302580
0R302590

*GOTO THE BEGINNING OF THE PROGRAX TO CHANGE THE INITIAL VALUES 0R302600
ELSEIF (IOPT2 .EQ. 2) THEN CRB02610

GOTO 20 0R302620
0RB02630

* CHANGE VELOCITY AT A SPECIFIC TRUE ANOMIALY AND 0R302640
*PLOT THE NEW ORBIT 0R302650

ELSEIF CIOPT2 .EQ. 3) THEN 0R302660
CALL CHGVEL(DT,PER,AL,LAN,AP,I,RI,RJRK,R, CRB02670

+ VIvV.KVX,,uPI, ORB02680
+ H,A,E,N,TA,P,HXM,MA,EATFTNUXtRIRAY, 0R802690
+ RJRAI,RKRAY,RARAY,TARAY,AINRAY,APRAY, OR302700
+ TfIRAY,Tr,EI,EJ,EK,LP,HI,HJ,IOPT1, ORB02710
+ TFEA,TSU,TXO,TFDRA,TDI,TDA,TiDE,Th,4n, 03302720
+ TDMA,TDLA24,TDH,TDAP) 0RB02730

CALL PLOTS(RIRAY,RJRAY,RgRAY,RARAY,TARAY,N'1, ORB02740
+ PI,I,LPA,E,TF,AINRAY,APRAY,TI IRAY, ORB02750
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+ TFE.A, TS, TF." -0.RAoPER, CRB02760
- TDI ,TDA,TDE , T D.A,TDLA ,TDH,TDAP, CR502770

-. ,::, A o LAN, H AP,R, V) CR302780
0102790

,- LrT AN,:vTHER VIEV OF THE $A.'E OR31T OR902800
* ELSTIF (HENT2 .ER. ,) THE. 0R302810

CALL PLOTS (RI RAY I RJRAY, RMRYRAY, TMRY ,'NV, 01302820
+ PI,ILP,A,E,TFAIRAY,APRAY,TI RAY, 0U302630
+ TTEA,TFSU,TN.OTFDRAPER, 01302840
+ TOi ,TDA,ThETD,%4 ,TDX.ATDLAYTDH,TDAP, 0R502850
+ .1,LAjNH,AP) 0R302860

0UR02870
* STOP THE PROGRAM 01302880

ELSEIF (IOPT2 .EQ. 5) THEN CR302890
GOTO 90 01U02900

ELSE 0R102910
PRINT*,' INVALID ENTRYI' 0302920
GOTO 80 CR302930

ENDIF OR302940
OR102950

* CHECK IF SATELLITE Impacted THE EARTH AND GO TO THE BEGINHING OR02960
IF (R .LE. 6450.0) THEN 0R502970

PRINT*I'SATELLITE WILL IMPACT THE EARTHI!!' OR302980
PRI.T*,'PROGR&1 WILL, RESET TO THE BEGINNING' CR502990
GOTO 20 OR503000

ENDIF OR303010
CR503020

GOTO THE TOP OF THE OPTION LOOP OR303030
GOTO 80 OR303040

OR503050
* GIVE THE USER A CHANCE TO RECOVER THE PROGRA!4 OR03060

90 PRIN-*,'THIS IS YCUR LAST CHANCE!' OR303070
FRIT1*, 'DO YOU WANT TO CONTINUE?' OR503080
PRIND*'AND GOTO THE Betinning OF THE PROGRA?' OR03090
PRIN-r, 'E;NTER "Y" OR "N:' OR03100
READf", LQOP ORB03110
PRIN", LOOP OR03120
GOTO 10 R03130

ENDIF OR303140
OR03150

, DISSPLA SUBROUTINE TO TELL GRAPHICS TERMINAL PLOTTING OR303160
* SESSION IS DONe OR303170

CALL DONEPL OR303180
STOP OR03190
END OR03200

0R303210
,AA'AAAAA ,A:,AA. -A A 0R303220

0RB03230
SUBROUTINE INTRO OR0O3240

* THIS SUBROUTINE WILL GIVE THE USER A Brief INTRODUCTION OF THE ORB03250
USES OF THE PROGRAM 0RB03260

0RB03270
PRIN7T','THIS PROGRAM IS A GRAPHICS DISPLAY OF Satellite ORBITS.' ORB03280
PRIT rrc,'YOU WILL BE ASKED TO INPUT THE INITIAL VELOCITY AND' CR503290
PRIN1'.,'POSITION VECTORS OF THE Satellite. THE PROGRAM WILL ' ORB03300
PRINT'r,'THEN CALCULATE THE ORBITAL PARAMETERS AND THE ' ORB03310

31



- 'tner :uhbd ORBIT. THE USER WILL THEr HAVE THE' CR303320
.. s... C.IC. a F DISPLAYS: IRB03330

-F.RIF:c AL (SHOWS RELATIVE SIZE OF ORBIT)' ORB03340
v - uactrisl (SHCWS ORBIT INCLINED, USER INPUT' 0RB03350

L -NGITU E TO VIEW AT)' 0R503360
-GROL'D TRACK' CR303370

OR103380
PRIN 0, 'THE USER IS THEN ASKED TO CHOOSE ONE OF THE FOLLOWING:' OR103390
FRI.T, ' -Unperturbed ORBITS' OR03400
.RINT*,' -Perturbed ORBITS' OR03410
PRINT*,' -VELCCITY CHANGES' ORD03420
n I.T*, 'THE USER"S CHOICE WILL BE USED IN DEVELOPING THE' OR03430
OF I.ST* ,'-GRAPH ICAL OUTPUT.' OR33O

p~is-l ICR3034.50
AIN v,'THiE USER IS THEM GIVEN THE FOLLOWING CHOICES:' 01303460

1DRINT*,' -CLEAR ALL THE PREVIOUS ORBITS' 01303470
PRINT*,' -CHANGE THE INITIAL PARAMETERS' OR03480
PRINT* '  -CHANGE %ELOCITY AT A SPECIFIC TRUE Anomaly' OR503490
Voi.1,' -PLOT ANOTHER VIEW OF THE SAE ORBIT' ORS03500

OR303510
END OR303520

0R303530
ORD03550

SUBROUTINE OPTION( IOPTI, IOPT2,, ' ,RIRAYRJRAY,RKRAYRRAY, CR303560
+ TARAY,AINRAY,APRAY,TIRAY) ORB03S70

* THIS SUBROUTINE GIVES THE USER A CHOICE OF OPERATIONS THAT CAN BE OR303580
"ERFOR.IED ON THE PROGRA!N AND RETURNS THE USERS CHOICE WITH 0R303590
VARIABLES IOPT1 AND IOPT2 ORB03600

OR303610
DIMENSION RIRAY(500) ,RJRAY(500) ,RKRAY(S00) ,RARAY(500),TARAY(SOO), 0R03620

+ A!;NRA(500) ,APAY(S00) ,TI,.AY(500) CRB03630
CIIARACTER 1, YOR.N ORB03640
IOPTI u 0 ORB03650

0R303660
PRON'PT USER FOR OPTION ORB03670

103 PRI;T*',,'WHICH OF THE FOLLOWING OPTIONS WOULD YOU LIKE:' ORB03680
PRINT*,' 1.-CALCULATE THE NEXT ORBIT USING THE SAME' OR03690
PRI \vT, ' PARAMETERS' ORB03700
PRINT r',' 2.-CHANGE THE INITIAL PARAIMETERS OF THE ORBIT' ORB03710
PRIN'-P ' 3.-CHANGE THE VELOCITY AT A POINT IN THE ORBIT' ORB03720
PRI N*T* (THE UNPERTURBED ORBIT WILL BE USED)' 0RB03730
PRI*,' 4.-PLOT ANOTHER VIEW OF THE ORBIT(S)' OR103740
PRINT* ,' 5.-QUIT' CR303750
PRINT* 'ENTER 1, 2, 3, 4, OR 5:' 0R303760
READ*,IOPT2 ORB03710
PRINT*,IOPT2 CRB03780
CALL EXCMS( 'CLRSCRN') ORB03790
IF ( IOPT2 .GT. 5) THEN ORB03800

GOTO 103 ORB03810
ENDIF ORB03820

ORB03830
* Prompt USER FOR TYPE OF ORBIT DESIRED CRB03840
105 IF (IOPT2 .EQ. 1) THEN ORB03850

PRIN T*", 'WHICH TYPE OF ORBIT WOULD YOU LIKE TO SEE,' ORB03860
PRINT ', ' 1.-Unperturbed ORBITS' ORB03870
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PRINT:' 2.-Per-u.bed ORBITS' ORB03880
~RN~r'E IE CR 2:' 0RB03890
~ I':-7-T CRB03900

m *dNT, ICPTI ORB03910
CALL rCStS 'CLRSCRN') 0RB03920
IF ((Ic'T .NE. 1) .AND. (IOPT .NE. 2)) T.REN CR03930

PRIN 'INVALID ENTRYt' 0R03940
GOTO 105 0RD03950

ENDIF 0RD03960
0RS03970
P0R03980

PROMPTUSER TO CLEAR PREVIOUS ORBITS 0RD03990
107 IF ((IOPT2..EQ. 1) .OR. (IOPT2 EQ. 3)) THEN ORI04000

PRINT*,'DO YOU WANT TO CLEAR THE PREVIOUS ORBITS?' OR04010
PRIN*, 'EN TER "Y" OR "N" :' ORI V020
REAIP,YOZN OR|A4030
PRi!Tr*,YORq 0R04040
CALL EXCMS('Clrscrn') ORB04050
IF (YORN .,Q. 'Y') THEN ORB04060

MRAY(1) a RIRAY(NUM) ORB04070
RJRAY(1) a RJRAY(NUX) OR0400
RRAY(1) - RKRAY(NUt) oR04090
RARAY(M) R RARAY(NIXI) OR104100
TARAY() = TARAY(NU3) ORS04110
AINRAY(1) a AINRAY(tfll) ORB04120
APRAY(1) APRAY(NUH) ORB04130
TIX.RAY(1) a TIHRAY(NUM) ORB04140
NUM u I ORB04150

ELSEIF (YORN .NE, 'N') THEN ORB04160
PRIsT*, 'INVALID ENTRY!I' 0RB04170
PRINT*,'ALL INPUTS MUST BE CAPITOL LETTERS' ORB04180
GOTO 107 ORB04190

ENDIF ORB04200
ENDIF ORB04210

0RB04220
CHECK FOR INVALID OPTION 0RB04230

IF ((IOPT2 .NE. 1).AND. (IOPT2 .NE. 2).AND. (IOPT2 .NE. 3) .AND. 0RD04240
+ (IOPT2 .NE. 4).AND. (IOPT2 .NE. 5)) THEN 0RD04250

PRINT*t'INVALID ENTRY!' ORB04260
GOTO 103 0RB04270

ENDIF ORD04280
RETURN 0RB04290
END ORB04300

0RD04310
*hhhhhA A A A AA 0RB04320
* COORDINATE TRANSFORMATIONS 0RB04330
******* '** ,**,******. * A L I . A A A ;.A A A A A A A A 0RB04340

0RB04350
SUBROUTINE PQWIJK(LAN,AP,INC,P,Q,W,I,J,K) 0RB04360

* THIS SUBROUTINE TRANSFORMS PQW COORDINATES TO IJK COORDINATES 0RB04370
0RB04380

DOUBLE PRECISION INCP,QW,IJ,K,RllR12,R13,R21,R22,R23, 0RB04390
+ R31,R32,R33,LAN,AP ORB04400
Rll = DCOS(LAN)*DCOS(AP) " DSIN(LAN*DSIN(AP)*DCOS(INC) ORB04410
R12 = -DCOS(LAN)*DSIN(AP) - DSIN(LAN)DCOS(AP)*DCOS(INC) 0RB04420
R13 = DSiN(LAN)*DSIX(INC) 0RB04430
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F2 DSIN(LANWfDCOS(AP) + DCOS(LAN)*DSINCAP)*DCOS(INC) ORDO04440
R22 a-Z*SIN(LAN)*DSIN(AP) + DCOS(LA.\)*DCOS(A?)*DCOS(INC) 0R504450
R23 a -Dzw3S(LA~lDSIN(1NC) ORB0440
R31 x DSIN(Ar)*DSIN(INC) ORB04470
R32 Df0StAF)*DSIN(lNC) 0R104480
S33 w DCaS(INC) 01504490
I - Rl1*P + R12*Q + R13*W 0RD04500
J a 21"'P + R22*Q + R23*W OR5045 10
X = R31*P + R32*Q + R33*W ORS04520
RETURN 01504330
END 0RD04540

01504350
AAJ.AAA.AAAAAJAA~AAAAAJ.AAAAAAAA..AAAAAAAJ.AAAA***** RD04560

ORD04570
SUBROUTINE IJXPQW(AN,APINC,IiJ,X,P,Q,W) 01504360

* THIS SUBROUTINE TRANSFORMlS IJK COORDINATES TO Pqw COORDINATES 0R504590
0R304600

DOUBLE PRECISION INC, I,J,K,PQWoR11 ,Rl2tRl3,R2lR22,R23, ORB04610
+ R31l,R32,R33,LANAP ORB04620
RII - DCOSCLAN)'*DCOS(AP) -DSIN(LAN)*DSIN(AP)*DCQS(INC) 0RD04630
R21 a- DCOS(LAN4)*DSIN(AP) -DSIN(LAN)*lCOS(AP)*DCOSCINC) 01504640
R31 n DSINCLAN)*DSIN(INC) 0R504650
R12 n DSIN(LAN)*DCOS(AP) + DCOS(LAN)*DSIN(AP)*DCOS(INC) 0RD04660
R22 - -DSIN(LAN)*DSINCAP) + DCOS(LAN)*~DCOS(AP)*DCOS(INC) 0RD04670
R32 = -DCOS(LAN)*DSIN(INC) 0R504680
R13 - DSINCAP)*DSINCINC) 0RD04690
R23 a COS(AP)*DSIN(INC) 0RS04700
R33 a DCOS(INQC ORB04710
P a R11'*I + R12'*J + R13*K ORB04720
Q w R21*1 + R22*J + R23*K ORB04730
W- R31'*I + R32*J + R33*X ORB04740

R E r WX0RB04750
END ORB04760

0RB04770
ORD04780
ORB04790

SUBROUTINE IJKRSW(LAN,AL,INC,I,JK,R,S,W) 0R504800
* THIS SUBROUTINE CHANGES FROM IJK COORDINATES TO RSW COORDINATES 0RD04810

ORB04820
DOUBLE PRECISION INC,IJ,K,R,S,W,Rll,Rl2,Rl3,R21,R22,R23, ORB04830

+ R31,R32,R33,LAN,AL ORB04840
Rll a DCOS(LAN)*'DCOS(AL) - DSIN(LAN)*DCOSCINC)*DSIN(AL) 0RB04850
R12 a DSIN(LAN)*DCOSCAL) + DSIN(AL)*DCOS(LAN)*DCOS(INC) 0RD04860
R13 a DSIN(INC)*DSIN(AL) 0RB04870
R21 - -DCOS(LAN)*DSINCAL).DSIN(LAN)*DCOS( INC)*DCOS(AL) ORB04880
R22 = -DSINK(LAN)*DSIN(AL) + DCOS(LAN)*DCOS(INC)*DCOS(AL) ORB04890
R23 = DSIN(INC)*DCOS(AL) ORB04900
R31 - DSINCLAN)*DSIN(INC) ORB04910
R32 a DCOSCImAN)*DSIN(INC) ORB04920
R33 wDCOS(INC) ORB04930
R w Rll*I + R12*J + R13*K ORB04940
S - R2l*I + R22*J + R23*K ORB04950
W - R31*I + R32*J + R33*K 0RB04960
RETULRN ORB04970
END ORB04980
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0RB04990

ORBOSOlO

SUB31B.INE RSWIJK(LAN,AL,INC,R,S,W,I,J,K) ORB05020
THIS SU ROUTINE CHANGES FROM RSW COORDINATES TO IJ3 COORDINATES ORB05030

ORB05040
DOUBLE PRECISION INCR,S,W,I JKRIIORl2,R13,R21,R22,R23, 0R105050
+ R31,R32,R33,LAN,AL OR305060
Rll a DCOS(LAN)*DCOS(AL) - DSIN(LAN)*DCOS(INC)*DSIN(AL) OR105070
R21 a DSIN(LAN)*DCOS(AL) + DSIN(AL)*DCOS(LAN)*DCOS(INC) ORB05080
R31 a DSIN(INC)*DSIN(AL) ORD05090
R12 x -DCOS(LAN)*DSIN(AL)-DSIN(LAN)*DCOS(INC)*DCOS(AL) ORS05100
R22 a -DSIN(LAN)*DSIN(AL) + DCOS(LAN)*DCOS(INC)*DCOS(AL) ORDO5110
R32 a DSIN(INC)*DCOS(AL) ORD05120
R13 a DSIN(LAN)*DSIN(INC) ORBOS130
R23 = -DCOS(LAN)*DSIN(INC) ORS05140
R33 a DCOS(INC) OR05150
I a Rll*R + R12*S + R13*W 0RD05160
J w R21*R + R22*S + R23*W ORB05170
K x R31R + R32*S + R33*W ORB05180
RETURN ORB05190
END ORB05200

0RB05210
ORB05 220
0RB05230

SUBROUTINE PQWRSW(TA,PQ,W,RSWN) ORE05240
THIS SUBROUTINE CHANGES FROM PQW COORDINATES TO RSW COORDINATES 0RB05250

0RB05260
DOUBLE PRECISION PQ,W,R,S,WN1Rll,R12,Rl3,R21,R22,R23, 0RB05270
+ R3!,R32,R33,TA 0RB05280
Rll x DCOS(TA) 0RB05290
RI2 - DSIN(TA) ORS05300
R13 x 0.0 ORB05310
R21 a -DSIN(TA) 0RB05320
R22 = DCOS(TA) ORB05330
R23 - 0.0 GRB05340
R31 x 0.0 ORB05350
R32 a 0.0 0RB05360
R33 x 1.0 0RB05370
R - R11"P + R12*Q + R13*W ORB05380
S = R21*P + R22*Q + R23*W 0RB05390
WN = R31*P + R32*Q +R33*W ORB05400
RETURN 0RB05410
END ORB05420

0RB05430
ORB05440
0RB05450

SUBROUTINE RSWPQW(TA,R)S,W,PQWN) 0RB05460
THIS SUBROUTINE CHANGES FROM RSW COORDINATES TO PQW COORDINATES 0RB05470

ORB05480
DOUBLE PRECISION R,S,W,P,Q,WN,Rll,R12,Rl3,R21,R22,R23, 0RB05490
+ R31,R32,R33,TA ORB05500
Rll a DCOS(TA) ORB05510
R21 = DSIN(TA) 0RB05520
R31 = 0.0 0RB05530
R12 = -DSIN(TA) ORB05540
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R22 - DCOS(TA) 0R805550
R32 = 0.0 ORB05560
R13 a 0RB05570
R 3- .j 0RB05580
R33 1 !.0 0R305590
P w Rll*R + R12*S + R13* ORDO5600
Q x R21*R + R22*S + R23*W ORB05610
WN w R31*R + R32*S +R33*W 01105620
RETURN 0RB05630
END 0RB05640

0RB05650

* STORE ELEMENTS IN ARRAYS O0R35670
**nv, v ¢,**** r* * ~~O R B 0R105680

OB05690
SUBROUTINE STORE(RIRJ,RKR,TA,RIRAYRJRAY,RKRAY,RARAYTARAYNIUI, O105700
+ I,AP,AINRAY,APRAYTrTIMRAY) OR105710
THIS SUBROUTINE STORES THE POSITION AND ELEMENTS IN ARRAYS IN ORB05720
SINGLE PRECISION FORM, FOR PLOTTING ORBOS7O

0R05740
DOUBLE PRECISION RI,RJ,RK,R,TA,I,APtTT ORB05750

01105760
DIMENSION RIRAY(500),RJRAY(500),RKRAY(500),RARAY(500),TARAY(500), ORB3770
+ AINRAY(500),APRAY(500) ,TIRAY(500) ORB05780

ORB05790
RIRAY(NUM) a SNGL(RI) ORB05800
RJRAY(NUM) - SNGL(RJ) ORB05810
RKRAY(NC M) SNGL(RK) ORB05820
RARAY(NUM) a SNGL(R) 0RB05830
TARAY(NUM) - SNGL(TA) ORB05840
AINRAY(NUM) - SNGL(I) OR05850
APRAY(NUMI) a SNGL(AP) ORB05860
TINRAY(NUM) a SNGL(TIT) 0RB05870
RETURN ORB05880
END ORB05890

ORB05900
********,~*******~AAAAAAAA~AAAJ.AAAAAAA~AAJ.A.AAAAA,).ORB05910

INITIAL POSITION, VELOCITY 0R05920
ORB0930
0RB05940

SUBROUTINE INPUTSCRI,RJ,RK,R,VI,VJ,VXVMUQUIT FT) ORB05950
THIS SUBROUTINE GIVES THE USER A CHOICE TO EJ'' ,rER THE 0RB05960

* INITIAL POSITION AND VELOCITY VECTOR OR TO -' . ROGRAM ORB05970
* CALCULATE THE INITIAL POSITION AND VELOCITY ;?2- ' tR PROMPTED OR05980
* INPUTS ORB05990

ORB06000
* SUBROUTINES CALLED FROM THIS SUBROUTINE: ORB06010

INELTS = Prompts USER FOR ORBITAL ELEMENTS ORB06020
IPOS = PROMPTS USER FOR INITIAL POSITION (,JK) ORB06030

* IVEL - PROMPTS USER FOR INITIAL Velocity (IJK) ORB06040
ORB06050

DOUBLE PRECISION RIRJRK,RVIVJVKV,MU,PI ORB06060
CHARACTER*1,QUIT ORB06070

ORB06080
PROMPT USER FOR MfETHOD TO ENTER INPUTS ORB06090

195 PRINT*,'IN WHICH MANNER WOULD YOU LIKE TO INPUT THE INITIAL' ORB06100
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1

FRIT1,'POSITION AND VELOCITY OF THE SATELLITE?' OR806110
SR; AI 1: BY Inputting THE INITIAL POSITION AND VELOCITY' ORS06120
FR'.T ,  VECTORS IN THE PERIFOCAL COORDINATE SYSTEi (IJK)l ORB06130

PR-N',' 2: BY LETTING THE SATELLITE BE PLACED ON THE "I"' ORB06140
PRTe' AXIS OF THE (IJK) SYSTEi AT A DESIRED RADIUS OF' ORB06150

FR " PERIGEE(RP) A,. TNPUTTING EITHER A DESIRED RADIUS'ORB06160
PRIST'%' OF APOGEE(RA), A DESIRED ECCENTRICITY(E), OR THE' ORB06170
PRINT*, DESIRED VELOCITY AT THAT RADIUS, AND A DESIRED' 0RS06180
PIRI.'T, INCLINATION(I).' ORB06190
PRINT'r 3: QUIT' ORB06200
PRINT ,'ENTER 1, 2 OR 3:' ORB06210
READ*,ICHC 0RB06220
PRINT*I, ICHC 0RB06230
CALL E..Cm.S('CLRSCRN') 0RB06240

0RD06250
USER INPVTS :)OSITION AND VELOCITY VECTORS 0RB06260
IF (ICHC .E,. 1) THEN 0RD06270

CALL !r!S(RI,RJ,RK,R) 0RB06280
CALL IVEL(VI,VJ,VK,V,RJU) 0RB06290

ORB06300
USER INPUTS ORBITAL ELEMENTS TO GET POSITION AND VELOCITY ORB06310
ELSEIF (ICHC EQ. 2) THEN 0RB06320

CALL INELTS(RI,RJRK,R,VI,VJ,VK,V,KU,PI) 0RD06330
ORB06340

STOP PROGRAM 0RB06350
ELSEIF (ICHC .EQ. 3) THEN 0RB06360

QUIT a 'N' 0RB06370
ELSE 0RB06380

PRINv,' INVALID ENTRYI TRY AGAINI' ORB063VO
GOTO 195 ORB06400

ENDIF ORB06410
RET TRN 0RB06420
END 0RB06430

0RB06440
ORB06450
0RB06460

SUBROUTINE IPOS(RI,RJ,RK,R) 0RB06470
THIS SUBROUTINE ASKS THE USER FOR THE INITIAL POSITION OF THE 0RB06480

* Sa:ellite IN GEOCENTRIC-EQUATORIAL COORDINATE SYSTEM 0RB06490
ORB06500

DOUBLE PRECISION RI,RJ,RK,R ORB06510
ORB06520

CHARACTER*1, CHOICE 0RB06530
LOGICAL CORREC ORB06540
CORREC a.FALSE. 0RB06550

0RB06560
* PROMPT USER FOR VELOCITY VECTOR 0RB06570
180 IF(.NOT.CORREC) THEN ORB06580

CALL EXCMS('CLRSCRN') 0RB06590
PRIN ,'ENTER RADIUS VECTOR VALUES IN "01" ORB06600
PRINT*,'RADIUS OF THE EARTH = 6400 KM' ORB06610
CORREC = .TRUE. 0RB06620
PRINTY,'ENTER RI :' 0RB06630
READ ',RI ORB06640
PRI 'I ' T R I 0RB06650
?PINT*%'ENTER RJ :' 0RB06660



READ't,RJ 0RB06670
'RJ ! -NJ, Km 0RB06680

r~~,'NTER O~: RB06690
R-Ar", RK ORB06700
r :!Tx , I ! = I , R..o..' ORB06710

CRB06720
CALCULATE TOTAL R 0RB06730
R = DSQRT((RI**2) + (RJ**2) + (RK**2)) ORB06740
PRINT*,'R -',R, K'M I  0RE06750
IF (R .LE. 6400. 0) THEN 0R906760

PRIh', 'RADIUS TO SNALLII ENTER NEW VALUES!!' 0RB06770
GOTO 180 CRB06780

ENDIF 0R306790
ORB06800

CHECK WITH USER THAT Values ARE CORRECT ORB06810
PRINT*V,'ARE THESE VALUES CORRECT?' ORB06820
PRINVT",' ENTER "Y" OR "N" R' CR206830
READ*,CHOICE ORB06840
CHOICE = 'Y' ORB06850
FRIN\-T*,CHOICE CRB06860
IF (CHOICE. EQ.'Y') THEN ORB06870

CORREC z .TRUE. CRB06880
ENDIF 0R306890
GOTO 180 ORB06900

ENDIF ORL06910
RETURN CR306920
END CRB06930

CRB06940
OR06950
CRB06960

SUBROUTINE IVEL(VI,VJVK,V,RMU) ORB06970
T*IS SUBROU*TINE ASKS THE USER FOR THE INITIAL VELOCITY OF THE ORB06980
Sitellice ORB06990

ORB07000
DOUBLE PRECISION VIVJVK,V,RVCIRVMAXNU ORB07010

ORB07020
CHARACTER*l, CHOICE ORB07030
LOGICAL CORREC ORB07040
CORREC - .FALSE. ORB07050

ORB07060
CALCULATE ESCAPE VELOCITY AND CIRCULAR VELOCITY AND PROMPT USER ORB07070
FOR VELOCITY VECTOR ORB07080

190 IF(.NOT.CORREC? THEN ORB07090
CALL EXCMS( CLRSCRN') ORB07100
VCIR a DSQRT(MU/R) ORB07110
VNAX - DSQRT((2.0*MU)/R) ORB07120
PRIN*v,'CIRCULAR VELOCITY * ',VCIRI'K/SEC' CRB07130
PRINT*,'MAXIMUM VELOCITY H ',VMAX, K1M/SEC' ORB07140
CORREC = .TRUE. ORB07150
PRINT,,'ENTER VELOCITY VECTOR IN (KI/SEC)' ORB07160

ORB07170
PRINT*,'ENTER VI :' ORB07180
READ*,VI ORB07190
PRIRT','VI ',VI,'K M/SEC' ORB07200
PRINT-:, 'ETER VJ O' RB07210
READ*,VJ ORB07220



PR.-RITvJ a IVJ,pN*/SEC' ORB07230
FzNT,'ENTER VK :' 0RB07240
READ, V9 ORB07250

N! ,'V * ',V~,'.!/SEC' ORB07260
0RB07270

* CALCULATE TOTAL VELOCITY (V) 0RB07280
V - DSRT((VI**2) + (VJ**2) + (VK**2)) 0R307290
PRINT*,'V a ',V, '/SEC' ORS07300

OR07310
* CHECK WITH USER THAT VALUES ARE CORRECTS OR07320

PRISTV 'ARE THESE VALUES CORRECT?' 0R07330
PRIN *', E.NEi "Y" OR 1N1 :1 0RB07340
READir,CHOICE 0107350
CIIOICE = 'Y' 0RB07360
PRINT* ,CHOICE 0R307370
IF (CHOICE.EQ.'Y') THEN ORD07380

CORREC - .TRUE. ORB07390
ENDIF ORB07400
IF (V .GE. VMAX) THEN ORB07410

PRINT*,'VELOCITY IS GREATER TAN THE ESCAPE VELOCITY!!' 0RB07420
PRIN T*,'RE-ENTER VELOCITY!!!' OR07430
CORREC n .FALSE. ORB07440

ENDIF ORB07450
GOTO 190 ORB07460

END IF ORB07470
RETURN 0RB07480
END ORB07490

ORB07500
,,* ORB07510

0RB07520
SUBROUTINE INELTS(RII RJ, RK, R, VIt VJ, VK, V,MU,PI) ORB07530
SATELLITE PLACED ON I' AXIS AND USER SUPPLY ORBITAL ELEMENTS TO ORB07540
GET INITIAL POSITION AND VELOCITY ORB07550

ORB07560
DOUBLE PRECISION RI,RJRK,R,VI,VJVK,V,MUIENR,A,E,RPRA,PI,VMAX ORB07570
CHARACTER1,CHOICE ORB07580

0RB07590
PROMPT USER FOR PERIGEE RADIUS ORB07600

198 PRINT*v,'ENTER RADIUS OF PERIGEE(RP) IN (KM), FOR EXAMPLE:' ORB07610
PRINT*,'LOW EARTH ORBIT (LEO), RP 6600.0 kM' 0RB07620
PRINT* ,GEOSYNCROUNOUS ORBIT, RP - 42241.1 KM' 0RB07630
PRIN T*'ENTER RP:' 0RB07640
PRINT*,"'RP" MUST BE > 6400K.' 0RB07650
READ*,RP 0R07660
PRINT*,RP 0RB07670

0RB07680
* CECK FOR VALID RADIUS 0RB07690

IF (RP .LT. 6400.0) THEN ORB07700
PRINT*V,'YOUR "RP" IS TO SMALL!!' ORB07710
GOTO 198 0RB07720

ENDIF 0RB07730
0RB07740

* PROMPT USER FOR TYPE OF INPUT 0RB07750
PRIN-'D",'DO YOU WANT TO ENTER THE ECCENTRICITY (E), 0RB07760
PR!T"'l,'RADIUS OF APOGEE (RA), OR VELOCITY (V)?' 0RB07770
PRINT, 'ENTER "E", "R", OR "V": 1 0RB07780
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READ* ,CO ICE 0RB07790
CRINTHC%:0ICE OR807800

CALL EXC.iS('CLRSCRN') ORB07810
0RB07820

US'ER EZNERS Eccentricity AND SEMI-hAJOR AXIS, ENERGY AND V ELOCITY 0RB07830
IS CALCULATED IN THAT ORDER 03.07840
IF (CHOICE .EQ. 'E') THEN 0RS078$0

PRINT*,'ENTER ECCENTRICITY (E):' 0RB07860
PRINr*,'0.0 <- E < 1.0' 03R.07870
READ*,E 0R07880
PRIN'*v,E 0RB07890

ORB07900
* CHECK FOR VALID ECCENTRICITY 0U107910

IF ((E .LT. 0.0) .OR. (E .GE. 1.0)) THEN 0RB07920
PRINT*, 'INVALID "E"' OR07930
GOTO 198 ORB07940

ENDIF ORB07950
A - RP/(-E) 0RB07960
ENR a -1U/(2.0*A) 0RB07970
V = DSQRT(2*(ENR+(MU/RP))) 0RB07980

0RB07990
*USER INPUTS RADIUS OF APOGEE AND ECCENTRICITY IS CALCULATED OR30000
* THEN SEMI-HAJOR AXIS, ENERGY AND THEN VELOCITY. ORB08010

ELSEIF (CHOICE .EQ. 'R') THEN OR08020
PRIN T*'ENTER RADICS OF APOGEE (RA) IN .1:' ORB08030
PRIN*, ,I"RA" HUST BE >-"RP", RP" RP ORSO8040
PEAD*,RA ORB08050
PRIN-':TRA ORB08060

ORB08070
CHECK FOR VALID RADIUS OF APOGEE ORB08080
IF (RA .LT. RP) THEN ORB08090

PRINT*,'YOUR "RA" IS TO SMALL! I ORB08100
GOTO 198 ORB08110

ENDIF ORB08120
Z a (RA-RP)I(RA+RP) ORB08130
A a RP/(1-E) OR08140
ENR a -1U/(2.0*A) o.08150
V - DSQRT(2*(ENR+(MU/RP))) ORB08160

ORBO170
* USER INPUTS 44AGNITUDE OF VELOCITY, PROGRAM PROVIDES CIRCULAR ORB08180

AND ESCAPE VELOCITY FOR COMPARISON AND TO CHECK FOR VALID ORBO8190
INPUTS ORB08200

ELSEIF (CHOICE .EQ. 'V') THEN ORB08210
PRINT*,:ENTER VELOCITY IN XH/SEC:' 0RB08220
PRINT*, THE HINIMUM VELOCITY ALLOWED IS FOR A CIRCULAR ORBIT' ORB08230
VCIRC - SQRT(SNGL(HU/RP)) ORB08240
PRINT*,'ORBIT. V(Circular) w ',VCIRC,' K11/3' ORB08250
VMAX - DSQRT(2*(MU/RP)) ORB08260
PRINT*,'THE A.XIMUM VELOCITY < ',VHAX,' KMC/S' 0RB08270
READ*,V 0RB08280
PRINTrV 0RB08290
IF (V .LT. VCIRC) THEN ORB08300

PRINT*,'VELOCITY TO SMALLI' ORB08310
GOTO 198 0RB08320

ENDIF 0RB08330
IF (V .GE. VMAX) THEN 0RB08340
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FRINT*,'VELCCITY TO GREAT!!' 0RB08350
G TO 18 ORB08360

EN;DiF OR308370
ELSE 0RB08380

F!NI'N,'iVALID ENTRY TRY AGAIN' 0RB08390
GT:1 198 ORBO3400

ENDIF ORB08410
ORB08420

* INCLINATION NEEDED TO GIVE Volocizy A Direction ORB08430
PRINT\7f,'ENTER INCLINATION (I) IN DEGREES:' ORBO8440
READ*,I ORBOS4SO
PRIxv.,I 0RB08460
I a (PI/180. O)*I ORB08470
VK - V*DSIN(I) ORBOS480
VJ a V*DCOS(I) ORB08490
VI w 0.0 OR3OSS00

ORDOBSIO
* RADIUS VECTOR SET ORBO8520

R! z RP ORBOSS30
RJ = 0.0 ORBOSS40
RK a 0.0 ORBOBSSO
R a RP ORB08560
RETURN ORBOSS70
END ORB08580

ORB08590
ORB08600

CALCULATE THE ORBITAL ELEMENTS ORB08610
*6 ** ,**********0***h6Ah ORB08620

ORB08630
SUBROUTINE CALCEL(RI,RJ,R,RVI,J,VKVEI,EJ,EK,EAI,LAt 0RB08640
+ LP,TA,PER,EA,MA,APAL,TF,P,PI,MU,MM,NH,HIHJ) ORB08650
THIS SUBROUTINE CALLS THE INDIVIDUAL SUBROUTINES TO CALCULATE THE 0RB08660
ORBITAL ELEMENTS ORB08670

ORB08680
THIS SUBROUTINE CALLS THE FOLLOWING SUBROUTINES(RETURNED VALUES) ORB08690
ENERGY - ENERGY PER MASS (ENR) ORB08700
ANG1OM - ANGULAR MOME\TUM (H,HI,HJ,HK) ORB08710
NODE u NODE VECTOR (N,NINJNK) ORBO720
LATREC - SEMI-LATUS RECTUS (P) 0RB08730
ECC - ECCENTRICITY (E,EIEJ,EK) ORB08740
S:IAXIS SEMI-MAJOR AXIS (A) ORBO8750
INCL INCLINATION (I) ORB08760
ASNODE - LONGITUDE OF ASCENDING NODE (LAN) 0RB08770

* ARP - ARGUMENT OF PERIGEE (AP) ORBO$78
IJKPQW -'IJK' SYSTEM TO 'PQW' SYSTEM ORB08790

* TANOM - TRUE ANOMALY (TA) ORB08800
* ARLAT - ARGUMENT OF LATITUDE (AL) ORB08810
* LONPER u LONGITUDE OF Perigee (LP) ORB08820
* TLON - TRUE LONGITUDE 'TL) ORBO830
* PERIOD - PERIOD (PER) ORB08840

ECCAN = ECCENTRIC ANOMALY (EA) ORB08850
* ME'NO - MEAN MOTION (M.) 0RB08860
* MEANAN - MEAN ANOMALY (MA) ORBOSB70
* TFLGHT - TIME OF FLIGHT (TF) 0RB08880

0RB08890
DOUBLE PRECISION RIRJ,RK,R,VI,VJ,VK,V,EI,EJ,EK,E,A,I,LAN,AL, ORBO8900
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SR . iA1 ORBO8910
+ TL,RP,.R,RW,NP,NQ,\v CRB08920

ORB08930
CALL ErNRGY(V,.R, .,NR) CRB08940
CALL ANG::O:: RI,RJ,R ,VivJ,v,I,(J,i,1) ORB08950
CALL N=E(Hi JNINJN ,N) CRB08960
CALL LATREC(H,P,MiU) CR308970
CALL ECC(RI,RJ,RK,R,VIVJ,VK,V,EI,EJEK,EMU) 0RB08980
CALL SMAXIS(MUENR,A) CRB08990
CALL INCL(HKIH,I,PI) ORB09000

ORB09010
SPECIAL CASE IF INCLINATION a 0.0 ORB09020
IF (I.NE.O.0) THEN OR309030

CALL ASNODE(NIN,LAN,NJ,PI) ORB09040
CALL ARP(NI,NJ,N,EIEJsEKEAP,PINPNQ,LAN) OR309050

ELSE ORB09060
LAN z 0.0 ORB09070
A? - 0.0 ORB09080

ENDIF ORB09090
ORB09100

COORDINATE TRANSFORMATION OF 'R' AND 'V' VECTORS ORB09110

CALL IJKPQW(LA,AP,I,RIRJ,RK,RPRQ,RW) OR309120
CALL IJKPQW(LAN,AP,INI,NJ,NK,NP,NQ,N) ORB09130
CALL TANOI(EI,EJ1 EK,E,RIRJRKRP,RQ,RW,R,V1,VJVK,TA,PI) ORB09140

ORB09150
SPECIAL CASE FOR Inclination - 0.0 OR309160
IF (I .NE. 0.0) THEN ORB09170

CALL ARL\T(NI,NJ,N,N,RI,RJRK,RAL,PITA,AP) ORB09180
ELSE ORB09190

AL a TA ORB09200
ENDIF ORB09210
CALL LONPER(LAN,AP,LP) ORB09220
CALL TLON(LAN,AP,TATL) ORB09230
CALL PERIOD(A,PER,PI,MU) CRB09240
CALL ECCAN(E,TA,EA,PI) CRB09250
CALL MEANO(A ,.. ,.U) ORB09260
CALL EANAN(EA,E ,MA) ORB09270
CALL TFLGHT(Mm.ATF) ORB09280
RETURN ORB09290
END ORB09300

ORB09310
*0,w ,*C**00 0RB09320

ORB09330
SUBROUTINE ENERGY(V,R,MU,ENR) ORB09340
THIS SUBROUTINE CALCULATES THE ENERGY OF THE ORBIT CRB09350

CRB09360

DOUBLE PRECISION V,R,MU,ENR CRB09370
ORB09380

ENR = ((V**2)/2) - (MU/R) CRB09390
RETURN ORB09400
END ORB09410

CRB09420
ORB09430
ORB09440

SUBROUTINE ANGN3O i(RI.RJ,RK,VI,VJ,VK,HI,HJ,HK,H) ORB09450
THIS SUBROUTINE CALCULATES THE ANGULAR 11O1MENTU:M ORB09460
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ORO9470
DOUBLE rRECISICS RI,RJ,RK,VI,VJ,VK,HI,HJ,IK,|! CRBO480

OR309490
lI! x (J VK) - (RK VJ) ORB09500
HJ a ("*. VIl - (Zi VK) ORB09510
HK a (RI * VJ) - (RJ * VI) 0RB09520
H - DSQRT((HIl*2) + (HJ**2) + (HK**2)) 0RB09530
RETURN ORBOSo
END 0RB09550

0R309560
ORB095 70
0RB09580

SUBROUTINE NODE(HI,HJ,NI,NJ,NK,N) 0RB09590
* THIS SUBROUTINE CALCULATES THE NODE VECTOR ORE09600

OR109610
DOUBLE PRECISION HIHJNI,NJNK,N 0RB09620

0RB09630
NI x -HJ ORB09640
NJ = HI 0RB09650
NK = 0.0 0RB09660
N DSQRT((NI**2) + (NJ,*2)) ORB09670
RETLRN ORB09680
END 0RB09690

ORB09700
• **ft,****1'r* * M,**, *********ii*****I., ORB09710

0RB09720
SUBROUTINE LATREC(H,P,MU) 0RB09730
THIS SUBROUTINE CALCULATES TlE SEHI-LATUS RECTUM 0RB09740

ORB09750
DOUBLE PRECISION H,P,MU 0RB09760

ORB09770
P = (11**2)/MU ORBn9780
RETURN ORB09790
END ORB09800

ORB09810
ORB09820
0RD09830

SUBROUTINE ECC(RI,RJRK,RVIVJVK,V,EI,EJ,EK,EMU) ORB09840
• THIS SUBROUTINE CALCULATES THE ECCENTRICITY ORB09850

0RB09860
DOUBLE PRECISION RI,RJRK,R,VI,VJ,VK,V,EI,EJ,EK,EMU,DOT ORB09870

0RB09880
CALCULATE DOT PRODUCT OF 'R' AND 'V' VECTORS ORB09890
DOT - (RI*VI) + (RJ*VJ) + (RK*VK) ORS09900
EI (l.OD+0O/MU) * (((V**2) - (MU/R)) * RI - (DOT)*VI) 0RE09910
EJ (1 OD+O0/MU) * (((V**2) - (MU/R)) * RJ - (DOT)*VJ) ORB09920
EK C. OD+OO/MU) * (((V,'*2) - (MUIR)) * RK - (DOT)*VK) ORB09930
E - DSQRT((EI**2) + (EJ**2) + (EK**2)) 0RB09940
RETURN 0RB09950
END 0RB09960

0RB09970
ORB09980
0RB09990

SUBROLTINE SMAXIS(MUENRA) ORB10000
THIS SUBROUTINE Calculates THE SEMI-MAJOR AXIS ORBiO010

ORB10020
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ZCUBLE PRECISICN MU,EN-,A OR810030
ORB10040

A = .,,. 'ER)R CR310050
RETURN ORB10060

ORB10070
OR10080
ORB10090
OR10100

SUBROUTINE INCL(HK,H,I,PI) ORI1IO
* THIS SUBROUTINE CALCULATES THE INCLINATION OR310120

'I' ALWAYS LESS THAN 180 DEGREES ORB10130
ORB1O140

DOUBLE PRECISION HK,H,I,PI OR10150
ORBIO160

I - DACOS(HK/H) OR310170
RETURN ORB10180
END ORB10190

ORB10200
,** *** *AAA ORB10210

ORB10220
SUBROUTINE ASNODE(NI,N,LAN,NJ,PI) ORB10230
THIS SUBROUTINE CALCULATES THE LONGITUDE OF THE ASCENDING NODE ORB10240
IF 'NJ' > 0 THEN 'LAN' < 180 DEGREES OR10250

ORB10260
DOUBLE ?RECISION NI,N,LAN,NJ,?I ORB10270

ORB10280
LAN t DATAN2(NJ,NI) ORB10290
IF (LAN .LT. 0.0) THEN ORB10300

LAN a (2*PI) + LAN ORB10310
ENDIF ORB10320
RETURN ORB10330
END ORB10340

ORB10350
6 AIN*'', ', * *if** h 0 6 %A A** h O h 01 if * CRB10360

ORB10370
SUBROU IE ARP(NI,NJ,N,EI,EJ,EK,E,AP,PI,NPNQ,LA , ) ORB10380
THIS SUBROUTINE CALCULATES THE ARGUMENT OF Ptrigee ORB10390
IF 'EK' GREATER THAN 0 THEN 'AP' < 180 ORB10400
VARIABLE TEMP USED AS A Temporary VALUE FOR ARCTAN ORB10410

ORB10420
DOUBLE PRECISION NINJ,N,EI,EJ,EK,E,AP,PI,NQ,NP,TEMP,LAN ORB10430

ORB10440
IF ((EI .EQ. 0.0) .AND. (EJ .EQ. 0.0)) THEN OR31045O

AP - 0.0 ORB10460
ELSE ORB10470

TEMP w DATAN2(EJ,EI) ORB10480
IF (TEMP .GT. LAN) THEN ORB10490

AP - TEMP - LAN ORB10500
ELSE ORB0510

AP = (2*PI) - (LAN - TEMP) ORB10520
ENDIF ORB10530
IF ( AP .LT. 0.0) THEN ORB10540

A? = (2*PI) + AP ORB10550
ENDIF ORB10560
IF (AP .GT. (2*PI)) THEN ORB10570

A? = A? - (2*PI) ORB10580
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E*DIF CR310590
ORS310600

URN CR310610
END CRB10620

0R310630
6 Ch R5 10640

CR10650
SUBROUTINE TANOM(EI,EJ,EKERI.RJR ,RPRQiRWRIVI,VJVKD OR510660
+ TAPI) OR510670

* THIS SUBROUTINE CALCULATES THE TRUE Anomaly OR510680
IF (R DOT V) > 0 THEN TA < 180 DEGREES OR510690

ORB10700
DOUBLE PRECISION DOTIEIEJEK,E,RIORJIRK,R,VIVJVX,TA,PI, OR310710
+ RPRIR" OR510720

ORB10730
TA = DATAN2(RQIRP) ORB10740
IF (TA .LT.O.0 ) THEN OR310750

TA = (2 * PI) + TA ORB10760
ENDIF ORB10770
RETURN ORB10780
END OR310790

ORB10800
ORBIOS10
CRB10820

SUBROUTINE ARLAT(NI,NJ, N,N,R1,RJ,RK,RALPITAAP) ORB10830
THlIS SUBROUTINE CALCULATES THE ARGUMENT OF LATITUDE ORB10840
IF (RK > 0) THEN AL < 180 DEGREES ORBIOSO

ORB10860
DOUBLE PRECISION NINJNK,.N,RI RJRK,R,AIPITA,AP ORB10870

OR310580
AL - TA + A? ORB1090
RETURN ORB10900
END ORB10910

ORB10920
ORB10930
ORB10940

SUBROUTINE LONPER(LAN,APLP) ORB10950
* THIS SUBROUTINE CALCULATES THE LONGITUDE OF PERIGEE ORB10960

ORB10970
DOUBLE PRECISION LAN,APLP 0RD10980

ORB10990
LP = LAN + A? ORB11000
RETURN ORB11010
END ORB11020

ORB11030
ORB11040
ORB11050

SUBROUTINE TLON(LANAP,TA,TL) ORB11060
THIS SUBROUTINE CALCULATES THE TRUE LONGITUDE AT EPOCH ORB11070

ORB11080
DOUBLE PRECISION LANAP,TA,TL ORB11090

ORB11100
TL = AP + LAN + TA ORB11110
RETURN ORB11120
END ORB11130
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ORDIII40
ORS1 1150
ORB 11160

* 'TH.LZS SlETIN T . PERIOD ORB11180
ORBDI1190

DOUBLE PRECISION APERPImU OR11200
ORII210

2:R v 2.0D+00*(PI)*DSQRT((A**3)/MU) CR111220
RETURN 0R111230
END OR511240

OR11250

CR511270
SUBROUTINE ECCAN(E,TA,EA,PI) 0R1I280

* THIS SUBROUTINE CALCULATES MHE ECCENTRIC Anomaly 0R3I1290
OR3II300

DOUBLE PRECISION ETAEAPI ORS11310
ORB11320

EA x DACOS((F. + DCOS(TA))/(1.OD+00 + E*DCOS(TA))) CR511330
IF (TA .GT. PI) THEN OR311340

EA - (2*PI) - EA OR311350
END!F OR311360
RETURN ORBI1370
END OR511380

OR511390

ORB11410
SUBROUTINE OSAM(,M',U RB11420
THIS SUERCULTIE CALCULATES rE MEN MOTION ORB11430

OR311440
DOUBLE PRECISION A,NXIMU ORB11450

ORB11460
M.'I - DSQRT(IU/(A'*3)) OR511470
RETURN ORB11480
END ORB11490

CR511500
CR311510
OR311520

SUBROUTINE MEANA.S(EA, EA) OR11530
THIS SUBROUTINE CALCULATES THE MEAN Anomaly ORB11540

OR311550
DOUBLE PRECISION EA,E,MA OR511560

OR311570
MA - EA - E*DSIN(EA) ORB11580
RETURN ORB11590
END OR311600

ORB11610
*****h*** hh hAA A** h hA k ORB11620

OR511630
S6ROUTINE TFLGHT(M.4,MA,TF) ORB11640

* THIS SUBROU'TINE CALCULATES THE TIME OF FLIGHT ORB11650
ORB11660

DOUBLE PRECISION MM,MA,TF ORB11670
ORB11680

TF = (1/IM)*IA ORB11690
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E 7 UR ORB11700
ORB11710
ORB11720
ORB 11730

CALCULATE U. EATURBED CRBIT ORB11740
OR 1 17S0
ORB11760SUBROUTINE UNPRET(DTPER,ALLA.N;AP,RI,RJ,RE,R, ORB11770

S+ RUTN ORB11780+ VI, VJ,V) ,V,M.U, PI ,H,AE, TA, P, 1" ,.A, EA, OB18

+ TF,T, NUM, RI RAY, RJRAY, RKRAY, RARAYJARAY ,AIRAY, APRAY,TMRAY, ORB11790
+ 'iFT) ORBI800

* THIS SUBROUTINE CALCULATE THE UNPERTURBED ORBIT ORBlI810
0R11820

THIS SUBROUTINE CALLS THE FOLLOWING SUBROUTINES: ORB11830
* NrEELT - CALCULATE NEW ELEMENTS AFTER TIME STEP ORB8,O
, NEWPOS z CALCULATE NEW ?OSITION AFTER TIME STEP OR3I1850

* NEWVEL u CALCULATE NEW VELOCITY AFTER TIME STEP ORB11860
* STORE a STORES POSITION IN ARRAYS ORB11870

ORB11880
DCUBLE PRECISION T,DTIPERAL,LA,AP,I,RI,RJIRKR,VI,VJ,VK,V, ORB11890
+ MUPIH,AE,N,TAP,PxA,EA,TFTT ORB11900

ORB11910
DIMENSION RARAY(500),TARAY(500) ,RIRAY(SOO),RJRAY(500), ORB11920
+ RKRAY(500),AINRAY(500),APRAY(500),TIMRAY(SOO) ORB11930

ORB,11940
SET TRUE ANOMALY TO NEGATIVE SO LOOP CAN BE EXECUTED ORBI1950
IF (TA .GT. 6.21) THEN ORB11960

TA - TA - (2*1PI) ORB11970
,DI ORB11980

ORB11990
CONTINUE AROUND ORBIT TILL CLOSE TO PERIGEE ORB12000

230 IF ((TA .LE. 6.21) .AND. (T .LE. PER)) THEN ORB12010
ORB12020

Incremtnt TRUE TIME ORE12030
TT a 71T + DT ORB12040
CALL. NW.(MX,m,E,EA,TA,TY,DT,PI,PER) 0RB12050
CALL NPOS(RI,RJ,RX,R,LAN,AP,I, TA,A,E) 0RB12060
CALL NVEL(E1PTA,LAN,APIVI,VJVK,V,,U) ORB12070

ORB12080
* INCREMENT STEP COUNTER AND STORE VALUES ORB12090

,c:l = NUM + 1 ORB12100
CALL STORE(RI,RJ,RK,R,TA,RIRAY,RJRAY,RKRAY, ORB12110

+ RARAY,TARAY,NUMI,AP,AINRAY,APRAY, ORB12120
+ TT,TIMRAY) 0RB12130

ORB12140
* INCREMENT TIMIE STEP COUNTER ORB12150

Ta T + DT ORB12160
GOTO 230 0RB12170

ENDIF 0RB12180
RETURN 0RB12190
END 0RB12200

ORB12210
ORB 12220

* CALCULATL THE UNPERTURBED NEW ELEMENTS ORB12230
ORB 12240
ORB3.2250
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Ct:TINE NEWELT(IM ,MA,E,EA,TA ,TFDTPI,PER) ORB12260
THIS SUBROUTINE CALCULATES THE Unperturbed NEW ELEMENTS ORB12270

0RB12280
T,:!S SUBTOLINE CALLS THE FOLLOWING SUBROUTINES: ORB12290
NZA NEW ECCET'RiC ANONALY ORB12300
XTA - NEW TRUE ANOMALY 0RB12310

0RB12320
DOUBLE PRECISION MM,MA,E,EA,TA,TFDT,PI,PER 0R12330

0RS12340

* Increment TIME OF FLIGHT AND CHECK IF TF GREATER THAN PERIOD 0RB12350
TF a TF + DT 0RB12360
IF (TF .GT. PER) THEN ORB12370

TF - TF - PER ORD12380
ENDIF ORB12390

03R12400
* CALCULATE MEAN ANOMALY AND USE TO FIND ECCENTRIC Anomaly THEN NEW O12410
* TRUE ANOALY 0R12420

MA = MM*(TF) ORB12430
CALL NEA(6|A,E,EA) ORB12440
CALL \TA(EAE,TA,PI) 0RB12450
RETURN ORB12460
END ORB12470

ORB12480
ORB 12490

* CALCULATE PERTURBED ORBIT ORB12500
ORB12510
ORB12520

SUBROUTINE PRETUR(DTPER,AL,LAN,APIRI,RJ,RK,R, ORB12530
+ VI,VJVV,FR,FS,FW,MU,PI.H,AE,N,TA,P,Mt1A,EA, ORB12540
+ TF,T,NU,RIRAYRJRAYRKRAYRARAYTARAYAINRAYAPRAYTIMRAY, 0RB12550
+ TT,TFEA,TFSUTFMO,TFDRA,TDI,TDATDE,TDM.,TD A,TDLAN,TDH,TDAP) 0RB12560
THIS SUBrOUTinE CALCULATES THE PERTURBED ORBIT. 0RB12570

0RB12580
THIS SUBROUTINE CALLS THE FOLLOWING SUBROUTINiES: ORB12590
TFORCE = CALCULATE THE TOTAL PERTURBING FORCE ON THE SATELLITE ORB12600
PNEWEL w CALCULATE THE Perturbed NEW ELEMENTS ORB12610

* NPOS - NEW POSITION AFTER TIME STEP 0RB12620
NVEL - NEW VELOCITY AFTER TIME STEP 0RB12630
PERIOD = PERIOD OF PERTURBED ORBIT ORB12640
STORE = STORE POSITION AND ELEMENTS IN ARRAYS FOR PLOTTING ORB12650

0RD12660
DOUBLE PRECISION T,DT,PERALLAN,AP,IRIRJ,RK,R,VI,VJ,VK,V 0RB12670
+ FR,FSFW,U,PIH,A,E,N,TA,PM,MA,EA,TF,TT, 0RB12680
+ DI,DADE,D M,DXA,DLANDH,DAP,EI,EJEKHI,HJ,LP,M, 0RD12690
+ DVR,DVS,DVW,DVI,DVJ,DVK ORB12700

ORB12710
DIMENSION RARAY(500),TARAY(5OO),RIRAY(500),RJRAY(500), 0RB12720
+ RKRAY(500) ,AINRAY(500),APRAY(500),TIMRAY(500) ORB12730

ORB12740
* SET MEAN RADIUS OF EARTH 0RB12750

RE x 6400.0 ORB12760
ORB12770

DT = PER/50 ORB12780
T = DT ORB12790
IF (TA .GT. 6.21) THEN ORB12800

TA = TA - (2*PI) ORB12810
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71NDIF ORB12820
IF (T7 .rs. PF%) THE: ORB12830

7TF - rEP CRB12840
ENDIF 0RB12850

CRB12860
* CONTINUE Around ORBIT FOR ONE PERIOD 0R512870
240 IF ((TF .LT. PER) .AND. (T .LT. PER)) THEN ORB12880

ORB12890
INCREMENT TRUE TIME ORB12900
T aIT + DT ORB12910
CALL TFORCE(AL,LAN,AP,IRI,RJRK,R,VI,VJVK,Vt 0RB12920

+ TT,FRFS,FwJ'I,PI, 0RB12930
+ FEA,FSU,FMOFDRAOFOR, 0RS12940
+ EI,EJ,EK,E,AT,LPTAPER,EA,XA,TF,P, 0RB12950
+ MM,N,HHI,HJ,DT) ORB12960

CALL PNEWEL(FR,FS,FN,HR,A,E,t',TA,DT,I,LAN,AL, 0RB12970
+ AP,P,K.1,MA,EA,TF,T,MU,PI, 0RB12980
+ DIDA,DE,DXX,D.A,DLAN,DH,DAP) 0RB12990

CALL NPOS(RI,RJ,RKR,LAN,AP,I, TA,A,E) ORB13000
CALL NVEL(EP,TA,LAN,API,VIVJVK,V,MU) ORB13010

ORB13020
* CALCULATE NEW PERIOD AND RESET TIME STEP AND TIME COUNTER ORB13030

IF NOT AT END OF ORBIT ORB13040
IF (T .Xt. (PER-DT)) THEN ORB13050

CALL PERIODLAPER,PI,MU) ORB13060
DT = PER/50 ORB13070
T TF ORB13080

ENDIF ORB13090
ORB13100

INCREMENT STEP COUNTER ORB13110
NUM I NU I + 1 ORB13120

241 CALL STORE(RIRJJRK,R,TARIRAYRJRAY,RKRAY, ORB13130
+ RARAY,TARAYNUM,I,AP,AINRAY,APRAY, 0RB13140
+ Tr,TIMRAY) 0RB13150

ORB13160
TOTAL ELEMENT CHANGES ORB13170
TDI z TDI + SNGL(ABS(DI)) ORB13180
TDA x TDA + SNGL(ABS(DA)) ORB13190
TDE m TDE + SNGL(ABS(DE)) ORB13200
TDMM m TD.MM! + SNGL(ABS(DHM)) ORB13210
TDMlA = TDNA + SNGL(ABS(DMA)) ORB13220
TDLAN a TDLAN + SNGL(ABS(DLAN)) 0RB13230
TDH x TDH + SNGL(ABS(DH)' 0RB13240
TDAP - TDAP + SNGL(ABS(DAP)) ORB13250
TFEA = TFEA + FEA ORB13260
TFSU - TFSU + FSU 0RB13270
TFMO - TFMO + FMO 0RB13280
TFDRA a TFDRA + FDRA ORB13290

ORB13300
* CHECK FOR IMPACT ORB13310

IF (R .LE. RE) THEN ORB13320
PRIN\T*V,'SATELLITE WILL IMPACT THE EARTH1I' 0RB13330
T - PER ORB13340

ENDIF ORB13350
0RB13360

INCREMENT TINE COUNTER ORB13370

49



T = T + DT 0RB13380
GOTO 2.'O ORB13390
DTF ORB13400

RETURN 0RB13410
END ORB13420

ORa13430

CALCULATE THE PERTURBING FORCES 0RB13450
* ****, ***********,*-*,*****oO R B 0R313460

ORB13470
SUBROUTINE TFORCE(AL,LAN,AP,I,RI,RJ,RK,R,VIVJ,VK,V,rT, 0RB13480
+ FR,FSFW,XU,PI,FEA,FSU,FMO,FDRA,FOR, 0RB13490
+ EIEJ,EK,E,AT)LP,TAPER,EA,IA,TF,P, ORS13SO0
+ MM,N,H,HI,HJ,DT) ORB13510

* THIS SUBROUTINE SUMS ALL THE PERTURBING FORCES FOR THE TOTAL 0RB13520
* PERTURBING FORCE. 0RB13530

ORB13540
THE FOLLOWING SUBROUTINES WERE CALLED: ORB135SO
OBERT - OBLATENESS OF THE EARTH ORB13560
FSUN a GRAVITATIONAL Attraction OF THE SUN ORB13570
FMfOON - GRAVITATIONAL Attraction OF THE MOON ORB13580

* FDRAG - DRAG FORCES ORB13590
ORB13600

DOUBLE PRECISION FER,FES,FEW,FSR,FSSFSW,FMR,FMS,FMN,MU,PI, ORB13610
+ FDR,FDS,FDV,FR,FS,FW,RI,RJRK,R,AL,I,TT,LAN,AP,VI,VJV,V, 0RB13620
+ EI,EJ,EK,E,A,T,LP,TAPER,EA,XA,TF)P, 0RB13630
+ NM,N,H,HIHJDT ORB13640

ORB136S0
CALL OBEART(RI,RJ,RK,R,ALI,FER,FESFEWMU) 0RB13660
CALL FSUN(TT,RIRJ,RK,R,FSR,FSSFSW,PI) 0RB13670
CALL FMOON(TT,RI,RJ,RK,R,FMR rMS,FW,PI) 0RB13680
CALL FDRAG(RIRJRK,R,VIVJ '% J,LAN,AP,I,FDRFDS,FDW, 0RB13690
+ EIEJEK,E ,LP,TA,PER,EA,MAALTF,P,PI,MU, ORB13700
+ MM1,N,H,HIHJDT) ORB13710

ORB13720
SUN! VECTOR FORCES 0RB13730
FR = FER + FSR + FMR + FDR 0RB13740
FS = FES + FSS + FMS + FDS 0RB13750
FW a FEW + FSW + FNW + FDW 0RB13760

ORB13770
CALCULATE TOTAL FORCE FROM EACH, AND TOTAL OF ALL ORB13780
FEA x SNGL(SQRT((FER**2)+(FES**2)+(FEW**2))) 0RB13790
FSU - SNGL(SQRT((FSR**2)+(FSS**2)+(FSW**2))) ORB13800
FMO a SNGL(SQRT((FMR**,2)+(FMS**2)+(FMW**2))) ORB13810
FDRA u SNGLCSQRT((FDR**2)+(FDS**2)+(FDW**2))) 0RB13820
FOR - SNGL(SQRT((FR**2)+(FS**2)+(FW**2))) ORB13830

ORB13840
RETURN 0RB13850
END 0RB13860

ORB13870
ORB13880
ORB13890

SUBROUTINE OBEART(RI,RJ,RK,R,AL,I,FER,FES,FEW,MU) ORB13900
* THIS SUBROUTINE CALCULATES THE PERTURBING FORCE DUE TO THE ORB13910

OBLIQUENESS OF THE EARTH. 0RB13920
ORB13930
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DOUBLE PRECISION J2,RE,FER,FES,FEWRI,RJ,K,R,AL, i, 0RB13940
ORB13950

32 x .8236D-ij CRB13960
x 6.3752L+03 0RB13970

ORB13980
FER = ((-3. D+OO IU J2*(RE 2))/(2,0D 'OO(R%1*4)))* ORB13990
+ (1.OD+00 - (3.OD+00* ((DSIN(I))**2) * ((DSIN(AL))**2))) ORD14000
FES x ((-3.0D+O0*MU*J2*(RE**2))/(R**4))* ORB14010
+ (((DSINI))**2)* (DSIN(AL))*(DCOS(AL))) ORB14020
FEW a ((-3.OD+001 U*J2*(RE**2))/(R'*4))* ORB14030
+ (DSIN(I)*DCOS(I)*DSIN(AL)) ORB14040
RETURN ORB14050
END ORB14060

ORB14070
***,,*********** ,*****************************A*A A.** ORB14080

ORB14090
SUBROUTINE FSUN(Tr,RI,RJ,RK,RFSRFSS,FSWPI) ORB14100
THIS SUBROUTINE CALCULATES THE PERTURBING FORCE DUE TO THE SUN OR314110

ORB14120
THE FOLLOWING SUBROUTINES ARE CALLED: ORB14130

* SUNPOS - SUNS POSITION ORBITING AROUND EARTH ORB14140
* HEVBOD w PERTURBING FORCE FROM A Heavenly BODY ORB14150

ORB14160
DOUBLE PRECISION FSRFSS,FSW,PI, ORB14170
+ RSIRSJRSKSLANSIJSALSMU,TT,RI,RJRKR,RS ORB14180

ORB14190
SUNS GRAVITATIONAL PARMETER ORB14200
S%; - 1.32715441D+11 ORB14210
CALL SCNPOSVTT,RSIRSJRSKRS,SLAN,SI,SALPI) CRB14220
CALL HEVBOD(RI,RJ,RKiRRSIRSJ,RSKRS,SLAN,SALSI,SMUFSR,FSSFSW)ORB14230
RETURN CRB14240
END CRB14250

CRB14260
it to h* its% h''********t** 0 A ORB14270

ORB14280
SUBROUTINE FNOON(TTRI,RJRK,R,FNIR,FXS,F)!W,PI) ORB14290
THIS SUBROUTINE CALCULATES THE PERTURBING FORCE DUE TO The MOON ORB14300

ORB14310
THE FOLLOWING SUBROUTINE ARE CALLED: CRB14320
MONPOS = MOONS POSITION ORBITING AROUND THE EARTH CRB14330
HEVBOD = PERTURBING FORCE FROM A HEAVENLY BODY CRB14340

CRD14350
DOUBLE PRECISION FIR,FMS,FXW,LMI,RMJ,RK,MLAN,MI,MAL,HMU, CRB14360

+ TT,RI,RJRK,R,RMPI CRB14370
ORB14380

* MOONS GRAVITATIONAL PARAMETER CRB14390
MMU = 4.90287D+03 ORB14400

CRB14410
CALL MONPOS(TT,RMI,R.J,RMKRMMLAN,MI,MAL,PI) ORB14420
CALL HEVBOD(RIRJ,RK,R,RMI,RMJ,RMK,RX,MLAN,MAL,MI,1TUFMR,FMS,FMW)ORB14430
RETURN CRB14440
END CRB14450

CRB14460
ORB14470
ORB14480

SUBROUTINE HEVBOD(RI,RJ,RK,R,RPI,RPJ,RPK,RP,LAN,AL,INC, MUP, 0RB14490
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+ FIIR,FHSF1)W) ORB14500
THIS SUBROUTINE CALCULATES THE PERTURBING FORCE DUE TO A ORB14510
uEAVENLY BODY. ORB14520

ORB14530
THE FOLLCWI.G SUBROUTINE WAS CALLED: ORB14540
IJKRSW , '1iK' SYSTEM TO THE 'RSW' SYSTEM ORB14550

ORB14560
DOUBLE PRECISION DOT,FHI,FHJ,FHK,RI,RJ,RK,RRPIRPJRPKJRP, OR&14570
+ LANALINCMUPI,J,KIPJPKPMFHRFHSFhV' ORB14550

ORB14590
* CALCULATE UNIT VECTOR FOR SATELLITE AND PERTURBING BODIES POSITIONOR14600

I z RI/R ORB14610
J a RJ/R 0RD14620
K a R./R ORB14630
IP a RPI/RP ORB14640
JP a RPJ/RP 0RB14650
KP u RPK/RP 0RB14660

ORB14670
* CALCULATE DOT PRODUCT OF UNIT VECTORS 0RB14680

DOT C( I*IP )+( J*JP )+( K*KP )) 0RS14690
ORD14700

* CALCULATE FORCES IN THE 'IJK' SYSTEM ORB14710
FHI - (MUP/(RP**2))*(R/RP)*(3.oDiOO*DOT*(IP)-(I)) 0R114720
F113 - (XSUP/(RP**2) )*(R/RP)*( 3. OD+00DOT*(JP) -(J)) ORB 14730
FHR z (MIUP/(RP**2))*(R/RP)*(3.OD+00*DOT*(KP)-(K)) 0RB14740

ORB14750
Transform FORCES TO THE RSW SYSTEM 0RB14760
CALL IJKRSN(LAN,AL,INC,FHIFHJ,FI,FHR,FISF|-W) 0RB14770
RETURN ORB14780
END 0RB14790

0RB14800
ORB 14810
ORB14820

SUBROUTINE SUNPOS(TrTRSIRSJ,RSKRS,SLAN,SrSALPI) 0RB14830
THIS SUBROUTINE CALCULATES THE SUNS POSITION 0RB14840

ORB14850
VARIABLES USED TO DESCRIBE THE SUNS ORBIT: 0RB14860
SI - SUNS INCLINATION 0RB14870
SLANx SUNS Longitude OF ASCENDING NODE ORB14880
SAP a SUNS ARGUMENT OF PERIGEE ORB14890
RS = SUNS ORBITAL RADIUS ORB14900
STA = SUNS TRUE AN O ALY ORB14910

* SAL a SUNS ARGUMENT OF LONGITUDE 0RD14920
0RD14930

DOUBLE PRECISION SLAN,SI,SAL,RS,STASAP,T,RSI,RSK, 0RD14940
+ RSJ,RSP,RSQRSW,PI 0RB14950

0RB14960
SI = 4.09279709D-01 ORB14970
SLAN O.OD+O0 ORB1498U
SAP O.OD+00 0RB14990
RS 1.4959965D+08 ORB15000
STA = ((2.0*PI)/(365.0 * 86400.0) * TT) ORB15010
SAL = STA + SAP ORB15020

ORB15030
CALCULATE SUNS POSITION IN 'PQW' SYSTEM 0RB15040
RSP = RS*DCOS(STA) O ORB15050
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RSQ x RSl*DSIN(STA) ORB15060
RSw O.OD+00 ORBS15070

ORB15080
* TREANSFORI FOSITION TO 'IJ' SYSTEMI ORBI090

CALL PWIJK(SLAN,SAPSIRSP,RSQRSWRSIRSJRSK) ORB15100
RETURN ORBIS110
END ORB15120

ORB15130
AAAA~AAAAAAAAAJ.AAAAAAAAAAAAAAA.~JAAAAAAAAAAORDIS140

ORB 15150
SUBROUTINE MONPOS(TT, RMI, R.J, RMK, RM, MLAN,,I, MAL, PI) ORB15160
THIS SUBROUTINE CALCULATES THE MOONS POSITION ORBIS170

ORB 15180
* VARIABLES USED TO DESCRIBE THE SUNS ORBIT: ORB15190
* MI a MOONS INCLINATION ORB15200
* MLAN- MOONS Longitude OF ASCENDING NODE 0R115210
* MAP = MOONS ARGUMENT OF PERIGEE 0R15220
* a1 * MOONS ORBITAL RADIUS ORB15230
* NTA a MOONS TRUE ANOMALY ORB15240

M MAL x MOONS ARGUMENT OF LONGITUDE ORB15250
ORB15260

DOUBLE PRECISION' LAN,'MAL,RL,Th'A,]MP,RQ,RW, 0RB15270
+ RmI,RmJ,RM,i. .. ,PI OR,15280

0RB15290
I = 4.99164166D-O1 ORB15300

RM - 3.844D+05 ORB15310
MLAN * 0.0 0RB15320
MTA * ((2.0*PI)/(27.3 * 3600) * TF) ORB15330
MAP * O.0D+00 0RB15340
MAL M ITA 0RB15350

0RB15360
CALCULATE HOON POSITION IN 'PQW' SYSTEM ORB15370
RMP z RM*DCOS(MTA) 0RB15380
RMQ - R*DSIN(MTA) 0RB15390
RI W 0 ORB15400

ORB15410
* TRANSFORM POSITION TO 'IJK' SYSTEM ORB1t420

CALL PQW IJK(XLAN , MP, MI,RMP, RNQ,R %,RiI, RMJRIMK) ORB15430
RETURN ORB15440
END ORB15450

ORB15460
***' " ********:.A:.:..A:.AA A:.A********.:,A :..:,::.A:.. O* 0RB15470

0RB15480
SUBROUTINE FDRAG(RI,RJRK,R,VI,VJ,VK,V,LAN,AP,I,FDR,FDSFDW, ORB15490
+ EI,EJ,EK,E,A,T,LPTA,PER,EA,MA,ALTF,P,PI,MU, ORB15500
+ M4,N,H,HI ,HJ,DT) ORBI5510

* THIS SUBROUTINE CALCULATES THE PERTURBING FORCE DUE TO DRAG 0RB15520
0RB15530

THE FOLLOWING VARIABLES ARE USED TO MODEL THE ATMOSPHERE: ORB15540
RE - RADIUS OF EARTH 0RB15550

' 1 = 'HASS OF SATELLITE 0RB15560
* AR = FRONTAL SURFACE AREA OF SATELLITE 0RB15570
* Z = ALTITUDE OF SATELLirE 0RB15580

K = EXPONENTIAL DECAY FACTOR ORB15590
DENO = NORMAL DENSITY ORB15600
CD COEFFICIENT OF DRAG ORB15610
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0RB15620
DOUBLE PRECISION MAG,M.K,FDR,FDSFDW,REARZ,DENO,CD,DEN. 0RB15630

SFDJFDFDIRIRJRKV!,VJ,VKVLANAPOI,R, 0RB15640
+ EIEJ.EK,E,AT,LPTA,PEREA,XAAL,TF,P,PI,U, 0RB15650

MjN,H ,HIHJDT,DVRtDVS,D;bDVIIDVJDVK 0RB15660
0RB15670

RE - 6.378145D+03 ORB15680
\1 a 1. OD+02 ORB15690
AR u 2,0D+01 ORB15700
Z z R - RE ORB15710

ORB15720
DEPENDING ON ALTITudE SET ATMOSPHERE VARIABLES 0R115730
IF (Z. LE.I.SD+02) THEN OR15740

K - 4.74D-02 ORB15750
DENO a 1.2250+00 0R15760
CD = 1.00+00 ORB15770

ELSEIF (Z.LE.5.5D+02) THEN ORB15780
K a 3.4614D-02 ORB15790
DENO a 1.79546D-01 ORB1S800
CD U 2.0D+00 ORB15810

ELSE ORB15820
K - 2.21698D-3 ORB15830
DENO x 1.015484D-07 ORB1SS4O
CD - 2.0D+00 ORBI5850

E.NDIF 0RB15860
ORB15870

CALCULATE AThOSPHERIC DENSITY ORB15880
DEN x DENO * DEXP(-K*Z) ORBIS90

ORB15900
CALCULATE MAGNITUDE OF DRAG FORCE AND LIMIT IT TO 1.OE-20 ORB15910
MAG a -(0. 5D+00)*CD*AR*DEN*V*(I. OD-03)/M 0RB15920
IF (ABS(OAG) .LT. 1. OD-20) THEN 0RB15930

MAG x -1. OD-20 ORB15940
ENDIF ORB15950

ORB15960
GIVE DRAG FORCE A Direction OF MINUS THE VELOCITY 0RB15970
FDR z 0.0 ORB15980
FDS - MAG * V 0RB15990
FDOW 0.0 ORB16000
RETURN ORB16010
END ORB16020

ORB16030
********i"e* ******AAO ORB16040
* CALCULATE PERTURBED NEW ELEMENTS ORB16050

'A *r* A A A A A AA A A A A h h A ORB 16060
0RB16070

SUBROUTINE PNEWEL(FR,FS,FN,H,R,A,E,N,TA,DT,I ,LIA,AL,AP,P, ORB16OBO
+ M%,MA,EA,TFT,M1U,PI,DI,DA,DE,D.XI,D A,DLAN,DI[,DAP) ORB16090

* THIS SUBROUTINE CALCULATES THE NEW ELEMENTS FROM THE PREVIOUS ORB16100
ELEMENTS ADDED TO THE RATES OF CHANGE FOR ONE STEP ORB16110

ORB16120
THE FOLLOWING SUBROUTINES ARE CALLED: 0RB16130
RATE = CALCULATES RATES OF CHANGE OF ORBITAL ELEMENTS ORB16140
NANGMO = NEW ANGULAR MOMENTUM (NEWH) ORB16150
NS:IA = NEW SE:!I-MAJOR AXIS (NEWA) ORB16160
NCC = NEW ECCENTRICITY (NEWE) 0RB16170
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NINCL z NEW INCLINATION (NEWI) ORB16180
NASNOD - NEW LONGITUDE OF ASCENDING NODE (NEWLAN) ORB16190
NARPER " NEW ARGUIENT OF PERIGEE ( NEWAP) ORB16200

1 :i , NEW 'IEAN .M 1TION NEW!) ORB16210
.;IEAN.' " .3 :EAN MOTION (NMI.) ORB16220
NM:AN = NEW MEAN ANOMALY (NEWMA) 0RB16230

* NEA " NEW ECCENTRIC ANOMALY (EA) ORB16240
* NTA " NEW TRUE ANOMALY (TA) ORB16250

TFLGHT - TIME OF FLIGHT (TF) 0RB16260
ORB16270

DOUBLE PRECISION FR,FS,FW,DMM,H,RA,ENTA,DT,I,LAtN,ALAP,P, 0RB16280
+ M :,MA,EA,TF,T,MU,PI,DA,DH,DE,DI,DLAN,DAP ,DA, 0RB16290
+ NEWH,NEWA,NEWE,NEWI, NEWLAN,NEWAP ,NEWUX ORB16300

ORB16310
INCREMENT TIME OF FLIGHT BY ONE TIME STEP AND CALCULATE RATES ORB16320
TF a TF + DT ORB16330
CALL RATES(DH,DA,D,DI,DLAN,DAP,D.M,DA,E,I1,RA,FR,FSW, 0RB16340
+ TA,AL,HP,T,MUI) 0RB16350

ORB16360
* CALCULATE NEW ELEMENTS ORB16370

CALL NANG.O(H,DTDH,NEWH) ORB 16380
CALL NSIA(ADT,DANEWA) 0RB16390
CALL NECC(E,DT,DE,NEWE) ORB16400
CALL NINCL(I,DTDI,NEWI) ORB16410
CALL NASNOD( LAN,DT,DLAN,NEWLAN) ORB16420
CALL NARPER(APDT, DAP, NEWAP) ORB 16430

ORB16440
SET ELEMENTS TO NEW ELEMENTS 0RB16450
A a NEWA ORB16460
E w NEWE ORD16470
I • NEWI ORB16480
LAN = NEWLAN ORB16490
AP NE1WAP ORB16500
P A ' (1 - E**2) ORB16510

ORB 16520
iMf.OVE THE SATELLITE ONE TIME STEP 0RB16530
CALL HEANMO(A,IM,MU) ORB16540
CALL N.INAN(A,Nll,, 1,DT,TFD.IA,PI) ORB16550
CALL NEA(A,EEA) ORB 16560
CALL NTA(EA,E,TAPI) 0RB16570
CALL TFLGHT(MM ,MA ,TF) ORB16580
AL - TA + AP 0RB16590
RETURN ORB16600
END ORB16610

ORB16620
ORB16630

* CALCULATE THE RATES OF CHANGE OF THE ORBITAL Elements 0RB16640
ORB 16650
ORB16660

SUBROUTINE RATES(DH,DA,DE,DI,DLAN,DAP,DMXM,DA,E,IMR,A,FRFS,FW, 0RB16670
+ TA,ALbH,P,T,MU,)I) ORB16680

* THIS SUBROUTINE Calls THE FOLLOWING SUBROUTINES TO CALCULATE THE 0RB16690
* TIME RATE-OF- CHANGE OF THE ORBITAL ELEMENTS: ORB16700

RS.IAX = RATE-OF-CHANGE OF THE SEII-1MAJOR AXIS (DA) ORB16710
RECO = RATE-OF-CHANGE OF THE ECCENTRICITY (DE) ORB16720
R INC = RATE-CF-CHANGE OF T!IE INCLINATION (DI) ORB16730



RLAN = RATE-OF-CHANGE OF THE Longitude OF THE ASCENDING NODE ORB16740
(DLAN) 0RB16750

RAP x RATE-OF-CHANGE OF THE ARGUMENT OF PERIGEE (DAP) ORB16760
2' 1 - RATE-OF-Changs OF THE MEAN MOTION (DMM) 0R816770

RNA x RATE-OF-CHANGE OF THE MEAN ANOMALY (DIA) 0R316780
RANG'.O a RATE-OF-CHANGE OF THE ANGULAR HOMENIUMU (DH) ORB16790

ORB16800
DOUBLE PRECISION DH,DADE,DI,DL .,DAP,D.X,D'A,ElK,R,A,FR,FSFW, ORB16810
+ TAjALH,PT,XU,I 0R316820

ORB16830
CALL RSMAX(E, W.1,R,A,TR,FS,DATA) ORB16840
CALL RECC(EXM,R,AFRFS,TA,DE) OR316850
CALL RINC(EJXXRA,'W,AL,DI) 0R316860
CALL RLAN(E, MM,RAIFW,ALDLAN) 0RB16870
CALL RAP(E,ZXR A,IHP,ALTA,FRFSFWDAP) 0R.16880
CALL RM( ., A, D, DA, hU) OR316890
CALL R.A(E,X , R, A,TA, DX ,FR , FS, DX A,T) OR16900
CALL RA.NGIO(R,FSFW,DH) ORB16910
RETURN 0R316920
END 0RB16930

ORB16940
********:.AAAA.AAAAAAAAAAAAAAAAAAJ.AAJ.AAA~..AA*ORB.16950

ORB16960
SUBROUTINE R;NGXO(R,FS,FW,DH) 0RB16970

* THIS SUBROUTINE CALCULATES THE RATE OF CHANGE OF THE 0RB16980
* ANGULAR MOMENTUM ORB16990

ORB17000
DOUBLE PRECISION FS,FW,DhW,DHSDHR 0RB17010

ORB17020
DHW a R * FS ORB17030
DHS x R *' FW ORB17040
DH a DSQRT((DlfW**2) + (DHS**2)) OR17050
RETURN ORB17060
END OR317070

ORB17080
** " . ** .* " * .er * .r " .*** ~ ~O R B1 O3.7090

ORB17100

SUBROU'INE RSMAX(E,M.,R,A,FRFSDATA) ORB17110
THIS SUBROUTINE CALCULATES THE RATE OF CHANGE OF THE SEMI-MAJOR ORB17120
AXIS ORB17130

ORB17140
DOUBLE PRECISION DAFRFSE,MM,RATAET ORB17150

ORB17160
* TRAP (E) SO DENOMINATOR DOES NOT GOTO ZERO ORB17170

IF (E. GT.O. 9) THEN ORB17180
ET - 0.9 ORB17190

ELSE ORB17200
ET - E ORB17210

ENDIF ORB17220
DA - ((2. OD+OO*E *DSIN(TA))/(MM *DSQRT(1.OD+OO-(ET**2))))*FR + 0RB17230

+ ((2.0D+OOrA*DSQRT(1. OD+OO-(E **2)))/(M!M *R))*FS 0RB17240
RETURN ORB17250
END 0RB17260

0RB17270
ORB 17280
0RB17290



SUBROUTINE RECC(EMM,R,A,FR,FS,TA,DE) ORB17300
THIS SUROUTINE CALCULATES THE RATE OF CHANGE OF THE ECCENTRICITY ORB17310

ORB17320
DOUBLE PRECISION DEFR,FS,E,MMRA,TAET 0RB17330

ORB17340
TRAP (E) SO DEN OINATOR DOES NOT GOTO ZERO 0RB17350
IF (E. LT.O. 1) THEN 0RB17360

ET a 0.1 0RB17370
ELSE ORD17380

ET a E 0RB17390
ENDIF ORB17400
DE a ((DSQRT(1.OD+O0 - (E **2))*SIN(TA))/(MX *A))*FR + ORB17410

+ ((DSQRT(1.OD+O0 - (E **2)))/(K4 *ET*(A**2)))* ORB17420
+ ((A**2)*(1.0D+O0 (E **2))/(R) - (R))*FS 0RB17430

RETURN ORB17440
END 0RB17450

ORB17460
,** 6 k h A* 6, * *A* ff A* A A* h 6 * hit , .* A 0RB17470

ORB17480
SUBROUTINE RLA(EXi,R,A,I,FW,AL,DLAN) 0RB17490
THIS SUBROUTINE CALCULATES THE RATE OF CHANGE OF THE LONGITUDE ORB17500
OF THE ASCENDING NODE ORBI7510

ORB17520
DOUBLE PRECISION DLAN,FW,EXXR,A,I,AL,ET9IT 0RB17530

ORB17540
TRAP (E) AND (I) SO DENOMINATOR DOES NOT GOTO ZERO ORB17SSO
IF (E.GT.O.9) THEN 0RB17560

ET - 0.9 0RB17570
ELSE ORB17580

;T = E 0RB17590
ENDIF ORB17600
IF (I. LT.0. 01745) THEN ORB17610

IT x 0.01745 0RB17620
ELSE ORB17630

IT i 0RB17640
EN IF 0RB17650
DLAN w (RnNW*DSIN(AL))/C(M *(A**2)*DSQRT(1.OD+O0 - (ET**2))* 0RB17660

+ DSIN(IT)) 0RB17670
RETURN ORB17680
END ORB17690

ORB17700
ORB 17 710
ORB1?720

SUBROUTINE RAP(E,MM,R,A,I,H,P,AL,TAFR,FS,FW,DAP) 0RB17730
THIS SUBROUTINE CALCULATES THE RATE OF CHANGE OF THE ARGUMENT 0RB17740
OF PERIGEE 0RB17750

ORB17760
DOUBLE PRECISION DAPRDAPS,DAPWDAP,FR,FS,FN,E,XM,R,IH,,PALTAI 0RB17770
+ ET,A,IT ORB17780

0RB17790

TRAP (E) AND (I) SO DENOMINATOR DOES NOT GOTO ZERO ORB17800
IF (I.LT.0.01745) THEN ORB17810

IT = 0.01745 0RB17820
ELSE ORB17830

IT = I 0RB17840
ENDIF ORB17850
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IF (E. GT.O. 9) THEN 0RB17860
ET = 0.9 0RB17870

ELEIF (E. LT.O. 1) THEN 0RB17880
ET 0.1 ORB17890

ELSr ORB17900
T E ORB17910

ENDIF ORD17920
DAPR * (-DSQRT(1.O+00 - (E **2))*DCOS(TA))/(M *A*ET) * FR 0RB17930
DAPS * (P/(ET*H))*(DSIN(TA))* 0RB17940
+ (1. OD+O0 + 1.OD+00/(1.OD+00 + EVDCOS(TA))) *FS 0RB17950
DAPW (-R*(1.OD+OO/DTAN(IT))' DSINfAL))/ ORB17960'
+ (M *(A1*2)*DSQRT(1.OD+O0 - (ET**2)))*FW 0RB17970
DAP - DAPR + DAPS + DANW ORB17980
RETURN ORB17990
END ORB18000

ORB18010

ORB18030
SUBROUTINE RINC(E,MM,R,A,FW,ALDI) ORB18040

* THIS SUBROUTINE CALCULATES THE RATE OF CHANGE OF THE INCLINATION ORB18050
ORB18060

DOUBLE PRECISION DI,'W,E,X.9,R,AIAL,ET ORB18070
ORB 18080

* TRAP (E) SO DENOMINATOR DOES NOT GOTO ZERO ORB18090
IF (E.GT.O.9) THEN ORB18100

ET w 0.9 ORB18110
ELSE ORB18120

ET - E ORB18130
ENDIF ORB18140
DI - (R*FW*DCOS(AL))/(MM *(A**2)*DSQRT(1.OD+O0 - (ET**2))) ORBISiSO
RETURN ORB18160

ORB18170
ORB18180
ORB18190
ORB18200

SUBROUTINE RMM( MMXA,DX, DA, U) ORB18210
THIS SUBROUTINE CALCULATES THE RATE OF CHANGE OF THE MEAN MOTION 0RB18220

ORB18230
DOUBLE PRECISION DMM,DA,MXA,MU 0RB18240

ORB18250
DMM =(('3.OD+OO*MU)/(2.0D+0O*MX *(A**4)))* DA 0RB18260
RETURN 0RB18270
END 0RB18280.

0RB18290
***********'e*e******************** A A AA AA AA A A***ORB 18300

ORB18310
SUBROUTINE RMA(E,XM,R,A,TA,DIM,FR,FS,DMA,T) ORB18320

* THIS SUBROUTINE CALCULATES THE RATE OF CHANGE OF THE MEAN Anomaly 0RB16330
ORB18340

DOUBLE PRECISION DXM,DMAB,DAC,DIAD,DM,,FRFS,DMA,E,MR,A,TA, 0RB18350
+ ET,T ORB18360

ORB18370
* TRAP (E) SO DENOMINATOR DOES NOT GOTO ZERO 0RB18380

IF (E.GT.O.9) THEN ORB18390
-T = 0.9 ORB18400

ELSEIF (E.LT.O. 1) THEN ORB18410



7T = 0.1 0RB18420
ELc: 0RB18430

o 0RB18440
EvD17 ORBI8-50
DC'A = (-1. OD+00/(,Il *A))* 0RB18460
+ (((2.0D+00R)/A) - ((I - (E **2))/ET)*DCOS(TA)) * FR - OR31470
+ (1-(E *2))/( *A*ET)*(1+ R/(A*(I-(E**2))))*(SIN(TA)*FS)- ORB18480
+ (T * DMl) 0R818490
RETURN 0R18500
END ORB18510

ORB18320
*OR18530

• CALCULATE THE NEW ORBITAL ELEMENTS 0RD18540
3OR18550

ORB18560
SUBROUTINE NS,4A(A,DTDA,NEWA) 0n18570

* THIS SUBROUTINE CALCULATES THE NEW SEMI-MAJOR AXIS OB18580
ORB18590

DOUBLE PRECISION DA,DT,ANEWA ORDI8600
ORB18610

NEWA m A + DA*DT 0RB18620
RETURN 0R318630
END ORB18640

ORB18650
***** ** * r*** ..................................... ......... 0RB18660

0RB18670
SUBRCUTINE NECC(E,DT,DE,NEWE) ORB18680
THIS SUBROUTINE CALCULATES THE NEW ECCENTRICITY 0RB18690

ORB18700
DOUBLE P:'CISION DEDT,ENEWE ORB18710

ORB18720
NEWE - E + DE*DT 0RB18730
RETURN ORB18740
END 0RB18750

ORB18760
~~ A Ak IA A *ORB 18770

0RB18780
SUBROUTINE NINCL(I,DT,DI,1NEWI) 0RB18790
THIS SUBROUTINE CALCULATES THE NEW INCLINATION ORB18800

ORB18810
DOUBLE PRECISION DI,DT,I,NEWI 0RB18820

ORB18830
NEWI - I + DI*DT 0RB18840
RETURN ORB18850
END ORB18860

0RB18870
.ORB18880

0RB18890
SUBROUTINE NASNOD(LAN,DT,DLAN,NEWLAN) ORB18900

* THIS SUBROUTINE CALCULATES THE NEW LONGITUDE OF THE ASCENDING NODEORB18910
ORB18920

DOUBLE PRECISION DLAN,DT,LAN,NEWLAN 03RB18930
ORB18940

NE'v*LAN LA + DLN'DT ORB18950

RZTUN ORB18960
END 0RB18970



ORB18980
~ AAAAAAAAAAAAAAA.~AAAAAJ. 03318990

R19000
SUBROLT, INE VARPER(AP, DT,DAP ,NEWAP) ORS19010
TH!S SUBROUTINE CALCULATES THE NEW ARGU=,ENT OF PERIGEE 0R319020

0RD19030
DOUBLE PRECISION DAPDTAPNEWAP ORD19040

0R.519050
NEWAP " AP + DAP*P)f R19060
RETURIN OR519070
END OR1-9080

OR319090
,~AAAAA~A~AAAAAAAAAAAAAJAAAAAA.AAAAAAAAAAAAAA~.*****0R.19100

ORB19110
SUBROUTINE NAR1A,'1,DT,TF,DtA,PI) O3.39120

* THIS SUBROUTINE CALCULATES TKE NEW MEAN Anomaly 03319130
OR319g16ODOUBLE iRECISION D. 5,FR1FSD.1ADT,,E,R,A,TA,.4,,T'.,T,PI ORS191O

ORB 19160
NA w .i'(TF) + DXA,'DT ORD19170
IF (hA .GT. (2*PI)) THEN ORB19180

MA a MA - (2*PI) 0R19190
ENDIF 0R519200
RETURN 0RS19210
END 03R.9220

019230
**********i'A AA AA A A: AA :AAA AA .. AA AA A AA OR D1RB19240

0R519250
SUBROU4TINE Nf.MlO(KM,D.Q, DT,NEW111) 0R319260
THIS SUBROUTINE CALCULATE THE NEW MEAN NOTION 0RB19270

ORB 19280
DOUBLE PRECISION D.I,DT,? 1 ,NEWXMI OR319290

OR3 19300
NEWM,41I - MM + D.h*DT OR19310
RETURN 0R19320
END 0RB19330

0RB19340
0RB19350
03R519360

SUBROUTINE NEA(MA,E ,EA) 0R319370
* THIS SUBROUTINE CALCULATES THE NEW ECCENTRIC ANOHOLY BY USING 0R19380
* NEUWTONS MTHOD OF ROOT FINDING 03R19390

R519400
DOUBLE PRECISION EANHAN,MA,EEADIFF OR519410

ORB19420
LET (EA) EQUAL (MA) FOR INITIAL GUESS AT ROOT OR319430
EA HA ORB19440
EAN z EA + (MA - EA +E*DSIN(EA))/(1.OD+00 - E*DCOS(EA)) 0RB19450
MAN E NAN - E¢SIN(EAN) ORB19460

ORB19470
S CHECK DIFFERENCE (DIFF) ORB19480

DIFF = ABS(IA -MAN) R19490
EA - EAN ORB19500

ORB19510
CONTINUE TO INTERATE UNTIL DIFFERENCE IS NEGLIGIBLE 0RB19520

200 IF(DIFF. GT.O.000000001) THEN 0RB19530

6O



EAN r A + (MA - EA + E*DSI(EA))/(1.0D+00 - E*DCOS(EA)) ORB195&O
A. EAN - E*DSI.N(EA) ORB19550
EA rAN CRB19560
D1FF ABS(MA - MAN) 0RD19570
GiTO 200 ORB19580

ENDIF ORD19590
EA a EAN R19600
RETURN ORD19610
END ORB19620

ORB19630
ORB 19640
ORB19650

SUBROUTINE NTA(EAE,TAPI) O319660
* THIS SUBROUTINE CALCULATES THE NEW TRUE Anomaly ORS19670

ORD19680
DOUBLE PRECISION EAETAPI ORB19690

ORD19700
TA - DACOS((E - DCOS(EA))/(E*DCOS(EA) - I.OD+00)) 0RB19710
IF (EA.GTPI) THEN 0R19720

TA - (2*PI) - TA 0RB19730
ENDIF 0RB19740
RETURN O319750
END 0RB19760

0RD19770
*********AAAAAAAAAAA.&AAAAAJ~~AAAAAAAAAAAAAAA~~*** 0319780

ORB19790
SUBROUTINE Nh\NGHO(H ,DT,DH,\,EWH) ORB19800
THIS SUBROUTINE CALCULATES THE NEW ANGULAR MOME ENTUM ORB19810

0RB19520
DOUBLE PRECISION DH,DTHHNEWH ORB19830

ORB19840
*EW*. - I + DH1DT ORBS19850
RETURN ORE19860
END ORB19870

ORD19880
ORB19890
ORB19900

SUBROUTINE INTSUN(TFEA,TFSU,TFMO,TFDRATDI,TDA,TDE,TD'1,TDA, ORD19910
TDLAN,TDH,TDAP) ORB19920

* THIS SUBROUTINE INITIALIZES THE SMIS OF FORCES AND ELEMENT CHANGESORB19930
ORB19940

TFEA a 0.0 ORB19950
TFSU z 0.0 ORB19960
TFMO - 0.0 0RB19970
TFDRA = 0.0 ORB19980
TDI = 0.0 0RB19990
TDA - 0.0 ORB20000
TDE a 0.0 ORB20010
TDXM a 0.0 ORB20020
TDIA - 0.0 ORB20030
TDLAN - 0. 0 ORB20040
TDH - 0.0 ORB20050
TDAP = 0.0 ORB20060

RETURN ORB20070
ED ORB20080
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ORB20090
AIN* A A A A* 6 At A A A * A 6 h A A * ORD20100

CALCULATE THE NEW POSITION AND VELOCITY VECTORS ORB20110
A. AiA ,i A A~ORS**** A .A OR320120

0R820130
SUBROUTINE NPOS(RI,RJ,RK,R,LAN,AP.INC, TA,AE) OR520140
THIS SUBROUTINE CALCULATES THE NEW POSITION VECTOR ORS201SO

ORB20160
DOUBLE PRECISION XW,I,ZWo,INC,RI,RJoRK,R,ANtAPTAAtE ORB20170

ORB201'0
* CALCULATE POSITION VECTOR IN 'P(QW' SYSTEM ORB20190

R - (A'(1 - (E**2)))/(l + E*DCOS(TA)) ORS202OU
XV - R*DCOS(TA) OR120210
IV - R*DS1N%(TA) OR320220
ZW x 0 OR20230

0RD20240
TRANSFORM- POSITION TO 'IJK' SYSTEM ORB20250
CALL PW'IJ.(LA.N,AP,INC,.\',W,ZW,RI,RJ,RK) ORB20260
R - DSQRT((RI**2) + (RJ**2) + (RK**2)) 0RB20270
RETURN 0RB20280
END 0R320290

OR120300
A A A A A A A . A AA ORS20310

0RB2032C
SUBROUTINE NVEL(E,P,TALAN,AP,INC,VI,VJVK,V,U) ORB20330

* THIS SUBROUTINE CALCULATES THE NIEW VELOCITY VECTOR ORB20340
ORB20350

DOUBLE PRECISION INC,VPVQVoVIUEPTALA.,AP,VI,VJ,VK,V ORB20360
ORB20370

CALCULATE VELOCITY IN 'PQW' SYSTEM ORB20380
VP w DSQRT(xU/P)*(-DSIN(TA)) 0RD20390
VQ - DSQRT(HU/P)*(E + DCOS(TA)) ORB20400
%;- O. OD+O0 ORB20410

ORB20420
* TRANSFORM VELOCITY INTO 'IJK' SYSTEM ORB20430

CALL PFQIJK(rLAAP,INC,VPVQ ,VW,VI,VJ,VK) ORB20440
V - DSQRT(-VX**2) + (VJ**2) +(VK**2)) 0R20450
RETURN ORB20460
END ORB20470

ORB20480

* VELOCITY CHANGE ORS20500
**********A:.AAAAAAAAAJ.A.~AAAAAAAAAAAAAAAAAAAAAAAAAAAA R320510

0RB20520
SUBROUTINE CHGVEL(DTPER,AL,LAN,API,RIRS,RK,R, 0RB20530
+ VI,VJ,VK,V,MU,PI,HA,E,N,TA,P,HKEA, ORB20540
+ TF,T,NUX,RIRAY,RJRAY,RKRAY,RARAY,7ARAY,AINRAY,APRAY,TIMRAY, 0RB20550
+ TT,EI,EJ,EK,LP,HI,HJ,IOPT1,TFEA,TSU,TFMOTFDRA, ORB20560
+ TDI,TDA,TDE,TDNM,TDNA,TDLA.N,TDH,TDAP) ORB20570

* THIS SUBROUTINE CALCULATE VELOCITY CHANGES ORB20580
0RB20590

* fE FOLLOWING SUBROUTINES ARE CALLED: ORB20600
TACHG - RETURNS TRUE ANOMALY FOR VELOCIIT CHANGE LOCATION (CHTA) ORB20610

AND AN INDICATOR OF LOCATION (ITA) ORB20620
CALCEI = CALCULATE Orbital ELEMENTS ORB20630
UNPPRE! = CALCULATE UNPERTURBED ORBIT ORB20640
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* NFOS - CALCULATE NEW POSITION ORB20650
* NVEL x CALCULATE NEW VELCZZTY 0RB20660

STORE x ST'RE FOSITION AND ELEMENTS IN ARRAYS 0RB20670ENERGY a ENERGY OF SATELLITv 0RB20680
ECoC ECCENTRICITY ORB20690

* SMAXIS a SEMII-MAJOR AXIS ORB2Oi30
ORB20710

DOUBLE PRECISION TJDTPER,AL,LAH,AP,I,RIRJ,RKR,VI,VJ,VKVI 0RB20720
+ MU,PI,H,A,E,NTAIP,XL4, iA,EA,TF,TT, 0R320730
+ NEV"I,NEVJ,\WVK,WV,VAX,CNTA,E,EJ,EK,LP,HI,HJ,VCIR, 0RB20740
+ DI,DE,DA,DMMDIADLANDHDAPbN ,WEINEWEJINEWEK,NEWE,NEWENR, 0RB20750
+ NEWANEWRP,RE 0RB20760

0R820770
DIMENSION RARAY(500),TARAY(500),RIRAY(500),RJRAY(500), ORB20760
+ RKRAY(500),AINRAY(500),APRAY(500),TIMRAY(500) ORB20790

ORS20800
CHARACTER*1,YORN,PYORN ORB20810

0RB20820
RE - 6.3782D+03 0RB20830

ORB20640
* PROMPT THE USER FOR TH., "'ELOCITY Change LOCATION 0RB20850

CALL TACNG(PICHTA,ITA) 0RB20860
ORB20870

SET TIME COUNTER TO ONE TIME STEP 0RB20880
T = DT 0RB20890

ORB20900
ROTATE TO THE VELOCITY CHANGE LOCATION ORB20910
THIS IS IDENTICAL TO THE Unperturbed ORBIT WITH THE EXCEPTIGN 0RB20920

* THAT A COMPLETE ORBIT IS N, T CALCULATED 0RB20930
PRINT*,'ROTATE TO VELOCITY CHANGE LOCATION' 0RB20940
IF ((ITA.EQ.2) .OR. (ITA.EQ.3)) THEN ORB20950

PRINT* ,'BEFORE TA x',TA 0RB20960
IF (TA .GT. 6.21) THEN 0RB20970

TA -TA - (2*PI) 0RB20980
ENDI F 0RB20990

230 IF((T. LE. PER).AND.(TA. LT.C]ITA)) THEN ORB21000
* PRINTe,'TA =',TA ORB21010

INU. = NUM + 1 ORB21020
TT TT + DT ORB21030

CALL NEWELT(MM,MA,EEATATFDTPI,PER) ORB21040
CALL NPOS(RI,RJ,RK,R,LAN,AP,I, TA,A,E) ORB21050
CALL NVEL(E,P,TALAN,AP,I,VIlVJ,VK,V,MU) ORB21060
CALL STORE(RI,RJ,RK,R,TA,RIRAY,RJRAY,RKRAY,RARAY, ORB21070

+ rARAYNUM,I,AP,AINRAY,APRAYTr,TIMRAY) ORB21080
T = T + DT ORB21090
GOTO 250 ORB21100

ENDIF ORB21110
IF (TF .GE. PER) THEN 0RB21120

TF =TF - PER 0RB21130
ENDIF ORB21140

ENDIF ORB21150
ORB21160

* PRINT ESCAPE VELOCITY AND CIRCULAR VELOCITY FOR Reference ORB21170
CALL EXCMS('CLRSCRN') ORB21180
PRINT-,'AFTER TA =',TA ORB21190
PRINT*,'THIS SHOULD BE THE DESIRED RADIUS RP OR RA' ORB21200
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260 PRIT7'1:,RADIUS R ORB21210
PRINT", VELOCITY - PV 0RB21220
V.MAX = DSQRT2.0*(MU / R)) 0RB21230
PRIN .', ' AX VELCCITY AT THIS RADIUS IS:' ,VAX 0RB21240
VCIR v DSQRT(:1U/R) 0RB21250
PRIN f,'CIRCULAR VELOCITY AT THIS RADIUS IS :',VCIR 0RB21260

0RB21270
PROMPT USER TO CHANGE VELOCITY IN ORBITAL PLANE ORB21280
PRINT*,:DO YOU WANT TO CHANGE THE VEL(ITY IN THE ORBITAL PLANE?' 0R21290
PRIN\T*,'ENTER "Y" OR "N" :' ORB21300
READ*,PYORN ORB21310
PRINTr, PYORN ORB21320
IF (PYORN .EQ. 'Y') THEN 0RB21330

PRIN'r ,,GIVE THE TOTAL CHANGE IN VELOCITY, I.E. 5.0 KM.' 0RD21340
PRINT,'THE PROGRAM WILL FIGURE OUT THE FINAL VELOCITY VECTOR' 0RB21350
PRINT*,' ENTER VELOCITY CHANGE:' 0RB21360
READ*,CHGV 0R121370
PRINT1*,CiGV 0RB21380

ORB21390
CALCULATE NEW Vr:OCITY FOR CHANGE IN THE ORBITAL PLANE ORB21400
NEWVI = VI + (CHGV * VI / V) 0RB21410
NEWVJ x VJ + (CHGV * VJ / V) ORE21420
NEWVK u VK + (CHGV * VK / V) ORB21430

ORB21440
Velocity CHANGE OUT OF ORBITAL PLANE 0RB21450
ELSEIF (PYORN .EQ. 'N') THEN 0RB21460

PRINT*,' ENTER THE NEW VELOCITY VECTOR:'" ORB21470
PRIN.V,' ENTER THE NEW VI' 0RB21480
READ*,NEWVI 0RB21490
PRi NI "NEWVI ORB21500
PRIN',' ENTER THE NEW VJ' ORB215O
READ*,\.EwVJ ORB21520
PRIN V( \E;VJ 0RB21530
PRINTI' ENTER THE NEW VK' 0RB21540
READ*,NEWVK ORB21550
PRIN"",NEWVK ORB21560
NUM = 1 0RB21570
ITA = 3 ORB21580

ELSE 0RB21590
CALL EXCMS('GLRSCRN') ORB21600
GOTO 260 ORB21610

ENDIF 0RB21620
0RB21630

* PRINT NEW VELOCITY FOR USER TO CHECK ORB21640
NEWV = DSQRT((NEWVI**2) + (NEWVJ**2) + (NEWVK**2)) 0RB21650
PRINT*,'NEW VI =',NEWVI 0RB21660
PRIN TD','NEW VJ =' NEWVJ 0RB21670
PRINP ,'NEW VK =',NEWVK 0RB21680
PRINT*,'NEW V =',NEWV 0RB21690
PRINT*,' ARE THESE VALUES THE ONES YOU WANT?' ORB217O0
PRINl,'ENTER "Y" OR "N" :' 0RB21710
READ*,YORN ORB21720
PRIND*,YORN ORB21730
IF (YORN .EQ. 'N') THEN 0RB21740

CALL EXCXIS('CLRSCRN') 0RB21750
GOTO 260 0RB21760

64



ENDIF 0RB21770
ORB21780

CHECK FOR VALID VELOCITY 0RB21790
IF ( NEW\ . GT. VNIAX) THEN ORB21800

PRINT*','YOUR VELOCITY IS TO GREAT !' ORB21810
GOTO 260 ORB21820

ENDIF 0RB21830
ORD21840

Calculate PERIGEE RADIUS TO SEE IF SATELLITE WILL IMPACT EARTH 0R121850
CALL ENERGY(NEWV,R,MU,NEWENR) ORB21860
CALL ECC(RI,RJRKR,NEWVI,NEWVJ,NEWIKNEWV,NEWEINEWEJ,.NWEK 0RB21870
+ NEWE, mU) ORB21880
CALL SMAXIS(MU,NEWENR,NEWA) ORB21890
NEWRP - NEWA*(1.O - NEWE) ORB21900
IF (NEWRP .LE. RE) THEN ORB21910

PRIN"D,'YOUR VELOCITY AT THIS POINT IS TO SMALL?!!' 0R321920
PRINT*, 'THE SATELLITE WILL IMPACT THE EARTH!!' 0RS21930
PRINT'r'THE SATELLITES RADIUS OF PERIGEE WOULD BE ',NEWRP ORB21940
PRINT*,'A NEW VELOCITY WILL HAVE TO BE ENTERED!!' ORD21950
GOTO 260 ORB21960

ENDIF 0RB21970
ORB21980

* ACCEPT NEW VELOCITY 0RB21990
VI = NEWVI ORB22000
VJ = NEWVJ ORB22010
VK - NEWVK 0RB22020
V = NEWV 0RB22030

0RB22040
* CALCULATE NEW ELEMENT WITH NEW VELOCITY AND SET TIME STEP 0RB22050

CALL CALCEL( RI,RJ,RK,R,VI,VJ,VK,VEI,EJ,EK,E,AI,TAN,LP,TA, 0RB22060
+ PER,EA,MA,AP,AL,TFPPI,MUMMN,H,HI,HJ) ORB22070
DT PER/50.O 0RB22080
T = DT 0RB22090

ORB22100
* THE FOUR Different CASES OF VELOCITY CHANGES FOLLOWS: OR322110

0RB22120
* VELOCITY CHANGE AT PERIGEE, AND NEWV > V Circular 0RB22130

IF((ITA. EQ. 1).A.ND.(NEWV. GT. VCIR))THEN ORB22140
CALL UNPRET(DT,PER,AL,LAN,AP,I,RI,RJ,RK,R,VI,VJ,VK,V, ORB22150

+ MU,PI,H,A,E,N,TA,P,.4, 0RB22160
+ MA,EA,TF,T,NUM,RIRAY,RJRAY,RKRAY,RARAY, 0RB22170
+ TARAYAINRAY,APRAY,TIMRAY,TT) 0RB22180

0RB22190
* Change VELOCITY AT PERIGEE, AND NEWV <- V CIRCULAR 0RB22200

APOGEE AND PERIGEE SWAP 0RB22210
ELSEIF ((ITA. EQ.1).,ND.(NEWV. LE.VCIR))THEN 0RB22220

0RB22230
CLEAR PREVIOUS PLOTS 0RB22240
NUM = I 0RB22250
CALL STORE(RI,RJRK,R,TA,RIRAY,RJRAY,RKRAY,RARAY,TARAY, 0RB22260

+ NUNI,AP,AINRAY,APRAY,TT,TIXIRAY) 0RB22270
T = PER/2 0RB22280

0RB22290
STEP SATELLITE TO NEW PERIGEE, ONLY A HALF ORBIT 0RB22300
CALL UNPRET(DT,PER,AL,LAN,AP,I,RI,RJ,RK,R,VI,VJ,VK,V, 0RB22310

+ MU,PI,H,A,E,N,TA,P,MN*J, 0RB22320
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+ IA,EA,TFT,NUM,RIRAY,RJRAY,RKRAYRARAY 0RB22330
+ TARAYAINRAY,APRAY,TIMRAY,TT) 0R822340

0RB22350
RESET TIM1E COUNTER TO ONE TIlE STEP 0RB22360
T c DT 0RB22370

ORB22380
CALCULATE COM1PLETE NEXT ORBIT ORD22390
CALL UNPRET(DTPERALLANAPIRI,RJ,RK,R,VI,VJ,VK,V, 0R322400

+ MU,PI,,HAENTA,P,MW, 0RD22410
+ IMA,EA,TF,T,NUN,RIRAY,RJRAY,RXRAY,RARAY, 0R322420
+ TARAY,AINRAYAPRAY,TIMRAY,TT) 0RB22430

0RD22440
* CHANGE VELOCITY AT APOGEE, AND NEW V < V CIRCULAR 0R22450

ELSEIF ((ITA.EQ.2) .AND.(NEWV LT. VCIR)) THEN 0RB22460
ORD22470

T x PER/2 0RS22480
0RS22490

* FINISH ORBIT 0RB22500
CALL UNPRET(DT,PER,ALLA.NAPIRI,RJ,RK,R,VI,VJ,VK,V, 0RB22510

+ MUPI,H,A,E,,TA,P,M, 0RB22520
+ rA,EATF,TNUI,RIRAY,RJRAY,RKRAY,RARAY, 0RB22530
+ TARAY,AINRAY,APRAY,TIIRAYsTT) 0RB22540

0RD225S0
CHANGE VELOCITY AT Apogee, AND NEWV >= V CIRCULAR 0RB22560
OR AT ANY OTHER TRUE Anomaly CR222570

ELSEIF (((ITA. EQ. 2).AND. (NEWV. GE. VCIR)) . OR. (ITA. EQ. 3)) THEN 0RB22580
0RB22590

IF (TA .GT. 6.21) THEN 0RB22600
TA - TA - (2*PI) 0RB22610

ENDIF 0RB22620
0RB22630

CLEAR PREVIOUS ORBITS AND STEP SATELLITE TO NEW PERIGEE 0RB22640
T x TF 0RB22650
NUl = 1 0RB22660
CALL STORE(RI,RJ,RK,R,TA,RIPAY,1 tRAY,RKRAY,RARAY,TARAY, 0RS22670

+ NUXI,AP,AINRAY,APRAY,TT,TIMRAY) 0RB22680
CALL UNPRET(DT,PER,AL,LANAPIRIRJIRKRVIVJVK,V, 0RD22690

+ MUjPIHtA,E,NTAsPM1, ORB22700
+ MA,EA,TF,T,NUMRIRAY,RJRAY,RKRAY,RARAY, ORB22710
+ TARAY,AINRAYAPRAY,TINRAY,Tr) 0RB22720

IF (TF .GE. PER) THEN 0RB22730
TF - TF - PER 0RB22740

ENDIF 0RB22750
0RB22760

CALCULATE COMPLETE NEXT ORBIT 0RB22770
T x DT 0RB22780
CALL UNPRET(DT,PER,AL,LAN,AP,I,RI,RJ,RK,R,VI,VJ,VK,V, 0RB22790

+ MU,PI,H,A,E,N,TA,P,IK, 0RB22800
+ MA,EA,TF,T,NnlI,RIRAY,RJRAYRKRAY,RARAY, ORB22810
+ TARAY,AINRAY,APRAY,TIMRAY,TT) ORB22820
ENDIF ORB22830
RETURN 0RB22840
END 0RB22850

0RB22860
', '',' * 0RB22870

0RB22880
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SUROLTINE TACNG(PI,CHTA,ITA) 0RB22890
THIS SUBROUTINE Asks THE USER FOR VELOCITY CHANGE LOCATION 0RB22900

0RB22910
DOUBLE PRECISION CHTA,PI 0RB22920

0RB22930
CALL EXCXS('CLRSCRN') ORB22940
PRINT*r,'WHERE DO YOU WANT TO CHANGE THE VELOCITY?' ORB22950
PRINT,' 1. AT CURRENT PERIGEE' 0RD22960
PRINT*,' 2. AT CURRENT Apogee' 0RD22970
PRINT,' 3. AT A SPECIFIC TRUE Anomaly' 0R322980
PRi ST*,'ENTER "I", "2" OR "3"' 0RS22990
READKITA ORB23000
PRINT*,ITA OR123010

0RB23020
SET TRUE ANOMALY CHANGE LOCATION (CHIA) TO DESIRED LOCATION 0RB23030
IF (ITA .EQ. 1) THEN 0R323040

CHTA = 0.0 0RB23050
END!F 0RB23060
IF (ITA .EQ. 2) THEN 0RB23070

CIITA = ?I 0RB23080
ENDiF 0RB23090
IF (ITA .E&Q. 3) THEN ORB23100

PRINT* , AT WHAT TRUE ANOMALY DO YOU' WANT TO CHANGE THE' ORB23110
ISNT*:,'VELOCITY?' 0RB23120

PRINTPENTER TRUE ANOMALY IN DECREES' 0R823130
READ*,CHTA 0RB23140
PRINT*,CHTA 0RB23150
CHITA z CHTA ' PI / 180 0RB23160

END!F 0RB23170
EETUSN 0RB23180
END 0RB23190

0RB23200
*~w~v ~ORB232 10

OUTPUT PLOTS 0RB23220
'A A A A A A A * h **A***,** 0RB23230

0RB23240
SUBROUTINE PLOTS(RIRAY,RJRAY,RKRAY,RARAY,TARAY,NUN,PI,INC,LP,A, 0RD23250

+ E,TFAINRAY,APRAY,TIRAY,TFEA,TFSU,TFO,TFDRA, 0RB23260
+ PER,TDI.TDA,TDE,TDMM,TDMA,TDLAN,TDH,TDAP, 0RB23270
+ M,!IALAN,H,AP,R,V) 0RB23280

0RB23290
* THIS SUBROUTINE ASKS THE USER FOR THE TYPE OF OUTPUT THAT IS 0RB23300

DESIRED PERIFOCAL, GROUND TRACK OR TO SKIP THE PLOT. 0RB23310
0RB23320

THE FOLLOWING SUBROUTINES ARE CALLED: 0RB23330
PERIF = PLOT PERIFOCAL ORBIT 0RB23340
GRTRK = PLOT GROUND TRACK 0RB23350
DATZ = DISPLAYS DATA ON PLOT 0RB23360
TEC618 = SET Disspla TO TEC 618 OUTPI 0RB23370
ENDPL = END THIS DISSPLA PLOT ORB21380
REFER TO DISSPLA USER"S MANUAL FOR EXPLANATION OF DISSPLA 0RB3390

* SUBROUTINES 0RB23400
0RB23410

DOUBLE PRECISION PI,A,E,INC,LP,TF,PER,MM,MA,LAN,H,AP,R,V 0RB23420
ORB23430

DI:ENSION RIRAY(500),RJRAY(5OO),RKRAY(5OO),RARAY(500),TARAY(500), 0RB23440
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+ AISRAY(500),APRAY(500),TIXRAY(500) ORB23450
CARACTER*I,YORN ORB23460

0RB23470
CA.LL EXCM!S('CLRSCRN') CRB23480

0RB23490
* CALCUlaTE SINGLE PRECISION VARIABLES 0RD23500

SP = SNGL(PI) 0R523510
SA ' SNGL(A) 0RD23520
SE = SNGL(E) O323530
SINC SNGL(INC) OR523540
SLP = SNGL(LP) ORB23550
STF SNGL(TF) ORB23560
SPER - SNGL(PER) 0R523570
SHM = SNGL(1M.) 0R523580
SMA = SNGL(XA) 0RB23590
SLAN SNGL(LAN) 0R523600
SH - SNGL(H) 0R323610
SAP - SNGL(AP) 0RB23620
SV U SNGL(V) 0R323630
SR SNGL(R) 0RB23640

ORB23650
PROMPT USER FOR DISPLAY TYPE 0RB23660

340 PRINr*,'WAT TYPE OF Disflay IS DESIRED:' 0R323670
PRINT,' 1. PERIFOCAL ORB23680
PRIN-*,' 2. GROUND TRACK' 0RB23690
PRINT'%,' 3. SKIP PLOT' 0RB23700
PINT r,' 'ENTER 1,2,3,4:' 0RB23710
READ*,IxPuT 0RB23720
PRINT350,IXPUT 0RB23730

350 FORMATI 4) 0RD23740
0RB23750

CALL TER618 0RB23760
0RB23770

CALL APPROPRIATE PLOT 0R123780
IF (INPUT .EQ. 1) THEN 0RB23790

CALL PERIF(RARAY,TARAY,NUX,SPI,SINC,SLP,SASE) ORB23800
ELSEIF (INPUT .EQ. 2) THEN ORB23810

CALL GRTRK(AINRAY,APRAY,TARAY,STF,NJ.l,TIMRAY) 0R523820
ELSE2F (INPUT .EQ. 3) THEN 0RB23830

GOfO 360 CR523840
ELSE 0R523850

PRIN-TD,'INVALID ENTRYI' 0RB23860
GOTO 340 ORB23870

V1)IF CRB23880
0RB23890

DIS'LAY DATA 0RB23900
CALL DATA(SINC,SA,SE,TFEA,TFSU,TFHO,TFDRA,SPER,SPI,TDI,TDA,TDE, CRB23910

+ TDO1,TDNA,TDLAN,TDH,TDAP,SM4 iSMA,SLAN,SH,SAP,SV,SR) 0RB23920
CALL ENDPL(O) 0RB23930

0RB23940
PROMPT USER IF ANOTHER DISPLAY TYPE IS DESIRED 0RB23950
PRINT ,'WOULD YOU LIKE ANOTHER PLOT USING THE SAME ORBITAL' ORB23960
PRI N *,'PARAMETERS AND DATA:' 0RB23970
PRIN-V,'ENUER "Y" OR "N" :' 0RB23980
READ*,YORN 0RB23990
PRINI*,YORN ORB24000
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IF (YOrN .EQ. 'Y') THEN ORB24010
GOTO 340 0RS24020

ESDIF ORB24030
360 RETURAN ORB24040

END 0RB24050
0R324060
O!3 240 70
0RB24080

SUBROUTINE PERIF(RARAYTARAYNUI,PI,INC,LP,AE) 0RB24090
* THIS SUBROUTINE PLOTS OUT THE RESULTS OF THE PROGRAM USING THE 0R24100
* DISPLAY FEATURE ON THE MAIN FRAME. OR324110

REFER TO DISSPLA USERS GUIDE FOR EXPLANATION OF DISSPLA uRB24120
* SUBROUTINES. 0R24130

ORB24140
REAL INC,LP 0R24150
DIMENSION TARAY(5OO),RARAY(500),RIRAY(5OO),RJRAY(5OO),RKRAY(SOO) 0RB24160

0RB24170
I=1 0RB24180

0RB24190
SET SCALE OF AXIS 0RB24200
RSTEP - (A*(1+E)) / 3 0RB24210
CALL TEN618 0R24220
CALL RESET(3MALL) ORB24230
CALL SCIPIX 0RB24240
CALL PHYS09(1.25,4.) 0RB24250
CALL AREA2D(6.,6.) 0RB24260
CALL HIESSAG('PERIFOCAL COORDINATE SYSTEM$',0,1.0,6.5) 0RB24270
CALL XNAUE( XwI, 2) 0RB24280
CALL YNAME(' IV,2) 0RB24290
CALL AXANG(90. 0) ORB24300
CALL YAXANG(O.O) 0RB24310
CALL INTAXS 0RB24320
CALL POLAR(l. ,RSTEP,3. ,3.) 0R24330
CALL POLY3 0RB24340
CALL NOCHEK 0RB24350
CALL CURVE(TARAYoRARAYoNUM, 1) 0RB24360
CALL COMPLX 0R24370
CALL HEIGIT(.2) 0RB24380
CALL RESET('COMPLEX') 0RB24390
CALL RESET(C'HEIGHT') 0RB244C0
CALL ENDGR(O) 0R24410

0RB24420
* Display EARTH PLOT 0RB24430

CALL EARTHl(A,EINCoPIRSTEP) 0RB24440
RETURN 0RB24450
END 0RB24460

0RB24470
ORB24480
0RB24490

SUBROUTINE EARTH1(A,E,INC,P1,RSTEP) 0RB24500
THIS SUBROUTINE PLOTS A VIEW OF THE WORLD, LOOKING DOWN THE 'Z' 0RB24510
AXIS, PLACED ON THE ORIGIN. THE Latitude IS FIXED, BUT THE 0RB24520
LONGITUDE VARIES WITH THE INCLINATION. 0RB24530
REFER TO DISSPLA USER"S MANUAL FOR EXPLANATION OF DISSPLA 0RB24540
SUBROUTINES 0RB24550

0RB24560
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REAL INC 0RD245 70
COmmION IWORK( 3800) ORD24580
DATA !WDIX.-/3300/ OR124590

0RD24600
RE a6378. 145 0RD246 10

ORS24620
* SCALE THE EARTH PLOT AND CEN4TER ON THE ORIGIN 0RD24630

SCFAC w RE/RSTEP 0R324640
SCFAC2 m SCFAC * 2.0 OR324650
XPHS a 1.25 + 3.0 -SCFAC 0R324i60
MIHS - 4.0 + 3.0 - SCFAC 0R324670
YPOLE - 90 - (INC * 180 / PI) 0RD24680
IF(POLE .GT. 90) THEN 0RS24690

YPOLE u YP0LE - 90 OR324700
ENDIF 03R824710
YORIG -YPOLE - 9nl 03R24720
YMAX -YPOLE + 90 03R324730
CALL RESET(3HALL) 0R324740
CALL PHYSQR(XPHS ,YPHS) ORS24750
CALL PROJCT('A1NBERT EQ/AREA') 0R324760
CALL ZIAPOLE(O. 0,YPOLE) 03R524770
CALL AREA2D (SCFAC2,SCFAC2) 0RD24780
CALL THKFMI (0.02) 03R324790
CALL GRAF(-90. p30. .90. ,YORIG,3O. ,YMAX) 03R524800
CALL FRAM~E 0R124810
CALL 'iAPFIL(:MIAPDTA') 0RS24820
CALL LBLANK('LAND' IWDIZI) 0RS24330
CALL GRID(1, 1) ORD24840
CALL LBLANK('WATER',IWDIZI) 0RS24650
CALL DASH 03R824860
CALL GRID(l,l) 0RD24870
CALL RESET ('DASI') 0RD24880
CALL 'MNGR(0) 03R324890
RETUR. ORB24900
END 03R324910

ORB 249 20
AAAA.AAAA:~.:..AAAAAAAAAAAAAAAAAAAAAA.AA~AAJ.AJJ.AAAORB.24930

03R324940
SUBROUTINE GRTRK(AINRAY.,APRAYTARAYTF,NUX,TIHRAY) 0ORB24950

0RJ24960
DIMENSION AINRAY(500) ,AP1rAY(5O0) ,TARAY(500), 0OR324970
+ ELARAY(500),ELORAY(500) ,TWNG(500)Y..AT(500) ,TIZIRAY(500) 0RD24980

03R324990
RE a 6.3782E+03 03.32S00
EROT -7. 292115856E-05 ORB25010
STF - MT) ORB25020
I- 1 0R325030

ORB25040
* LOAD ARRAYS WITH LATITUDE AND LONGITUJDE 0RB25050

410 IF (I .LE. NUM) THEN ORB25060
X = RE*CQS(APRAY(I))*COS(TARAY(I))-RE*SIN(APRAYCI))* ORB25070

+ SINCTARAY(I)) ORB25080
Y = RE*COS(AINRAYCI))*SIN(APRAYCI))*C0S(TARAY(I)) + ORB25090

+ RE*COS(AINRAY(I))*COS(APRAY(I))*SINCTARAY(I)) 0ORB25100
Z = RE*SIN(AINRAY(I))*SIN(APRAY(I))*~COS(TARAY(I)) + ORB25110

+ RE*SINAINRAY(I)):COS(APRAY(I))*SIN(TARAY(I)) ORB25120
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ORB25130
CALCULATE LATITUDE 0RB25140
EL\ AY(I) (ASIN(Z/RE)) 1 (80/3. 14159) 0RB25150

ORB25160
TRAP *X' AND 'Y' FOR ARCTAN IN CALCULATING LONGITUDE 0RB25170
IF(Y .LE. 10) .AND. (Y .GE. 0.0)) THEN 0RB25180

Y = 10. 0RB25190
ELSEIF ((Y .GE.-10).AND.(Y .LE. 0.0)) THEN ORS25200

Y u "10. ORD25210
ENDIF 0RB25220
IF((X . LE. 10) .AND. X .GE. 0.0)) THEN 0RB25230

X 10. 0RB25240
ELSEIF ((X .GE.-I0).AND.(X .LE. 0.0)) THEN OR325250

x x -10. 0RB25260
ENDIF 0RB25270

0RD25280
CALCULATE LONGITUDE ORB25290
ELORAY(I) = (ATAN2(YjX) - (EROTTIMRAY(I))) * (180/3.14159) 0RB25300

0RD25310
M10DIFY LONGITUDES TO ( -150 TO 180) 0RB25320

420 IF (ELORAY(1) .LT. -180) THEN 0RB25330
ELORAY(I) - ELORAY(I) + 360 0RB25340
GOTO 420 0RB25350

ENDIF 0RB25360
I - I + I 0RB25370
GOTO 410 0RB25380

ENDiF ORB25390
ORB25400

SET DISSPLA ORB25410CALL Tr 616 0RB25420

CALL RESET(3HALL) 0RB25430
CALL YAXANG (0.) 0RB25440
CALL PHYSOR(1.O,6.0) 0RB25450
CALL XNAME(' 1,1) 0RB25460
CALL YNAM' ',1) 0RB25470
CALL AREA2D(7.5,3.75) 0R25480
CALL HEADIN ('GROUND TRACK$'tlo0,1.5,1) 0RD25490
CALL SCPLM 0RB25300
CALL IAPGR(-1o0.,90,,180.,-90.;30.,90.) 0RB25510
CALL GRID (1 ORB25520
CALL MAPFIL ('MAPDTA') 0RB25520
Iu 1l 0RB25540

ORB25550
* IGNORE Boundary POINTS 0RB25560
430 IF ((ELORAY(I) .LT. -175) .OR. 0RB25570

+ (ELORAY(I) .GT. 175) .OR. 0RB25580
+ (ELARAY(I) .LT. -85) .OR. 0RB25590
+ (ELARAY(I) .GT. 85)) THEN 0RB25600

I = I + I 0RB25610
GOTO 430 0RB25620

ENDIF 0RB25630
0RB25640

ITEMP = 1 0RB25650
0RB25660

LOAD FIRST POINT OF NEW PLOT SEGMENT 0RB25670
IF (I .LE. NUM) THEN 0RB25680
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TLONG(ITEMP) a ELORAY(I) 0R825690
TLAT(ITEXP) a ELARAY(I) 0R25700
I I + 1 OR325710
IF C I .GE. NUi) THEN 0RB25720

CALL POLY3 0PJ25730
CALL CURVE(TLONGTjAT,ITEMP,1) ORB25740

ENDIF 0R25750
ENDIF 0RB25760

0R25770
* LOAD SECOND POINT IN LINE SEGMENT 0RB25780

IF (I .LE. NUl) THEN 0RB25790
ITEMP x ITEMP + 1 0R25800
TLONG(ITEMP) - ELORAY(I) OR25810
TLAT(ITEMP) E ELARAY(I) ORB25820
I K I +1 0R25830
IF ( I .GE. NUM) THEN 0R25840

CALL POLY3 01R25850
CALL NOCHEY 0RB25860
CALL CURVE(TLONG,TLAT,ITEMP.1) ORB25870

ENDIF 0RB25880
ENDIF 0RB25890

0RB25900
* LOOP UNTIL SEGMENT REACHES EDGE OR NO MORE POINTS ORB2S910
440 IF (I .LE. NUM) THEN 0RB25920

01R25930
* BOTH LAT AND LONG INCREASING 0R325940

!F((ELORAY(I - 2) .LE. ELORAY(I - 1)) .ND. ORB25950
+ (ELARAY(I - 2) .LE. ELARAY(I - 1))) THEN 0RB25960

IF((ELORAY(I) .LT. -170) .OR. 0RB25970
+ (ELARAY(I) .LT. -80)) THEN 0RB25980

CALL POLY3 0RB25990
CALL NOCHEK 0RD26000
CALL CURVE(TLONG,TLAT,ITEMP,1) ORB26010
GOTO 430 0R326020

ELSE 0RB26030
ITL - ITEMP + 1 0RB26040
TLON(ITEMP) - ELORAY(I) 0RB26050
TLAT(ITEMP) - ELARAY(I) 0RB26060

ENDIF 0RB26070
ORB26080

* BOTH LAT AND LONG DECREASING 0RB26090
ELSEIF((ELORAY(I - 2) .GT. ELORAY(I - 1)) .AND. 0RB26100

+ (ELARAY(I - 2) .GT. ELARAY(I - 1))) THEN 0RB26110
IF(CELORAY(I) .GT. 170) .OR. ORB26120

+ (ELARAY(I) .GT. 80)) THEN 0RB26130
CALL POLY3 0RB26140
CALL NOCHEK ORB26150
CALL CURVE(TLONG,TLAT,ITEMP,1) 0RD26160
GOTO 430 ORB26170

ELSE 0RB26180
ITEMP = ITEMIP + 1 0RB26190
TLONG(ITEMP) E £LORAY(I) 0RB26200
TLAT(ITEMP) - ELARAY(I) 0RB26210

ENDIF 0RB26220
0RB26230

LAT INCREASING, LONG. DECREASING 0RB26240
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ELSEIF((ELORAY(I - 2) .GT. ELORAY(I - 1)) .AND. CR326250
+ (ELWRA(I - 2) .LE. ELARA¥Y( - 1))) THEN ORB26260

IF((ELORAY(I) .GT. 170) .OR. ORB26270
+ iELARAY(I) .LT. -60)) THEN OR326280

CALL POLY3 0R126290
CALL NOCHEK 0R126300
CALL CURVE(TLONGITLATITEMP,1) CR126310
GOTO 430 0R326320

ELSE 0R126330
ITEMP a ITEMP + 1 0R126340
TLONG(ITEMIP) * ELORAY(I) ORB26350
TLAT(ITEMIP) - ELARAY(I) ORB26360

ENDIF 0R126370
0R326380

* LAT. DECREASING, LONG. INCREASING 0R126390
ELSEIF((ELORAY(I - 2) .LE. ELORAY(I - 1)) .AND. 0R126400

+ (ELARAY(I - 2) .GT. ELARAY(I - 1))) THEN OR126410
IF((ELORAY(I) .LT. -170) .OR. 0R126420

+ (ELARAY(I) .GT. 30)) THEN ORB26430
CALL POLY3 ORB26440
CALL NOCHEK CR126450
CALL CURVE(TLONG,TLAT, ITEMP,1) ORB26460
GOTO 430 CR126470

ELSE ORB26480
ITEMP z ITEMP + 1 0RS26490
TLONG(ITEMP) = ELORAY(I) CR326500
TLAT(ITEMP) ELARAY(I) CRB26510

ENDIF CRB26520
ENDIF ORB26530
iF( I . EQ. NU:-1) THEN ORB26540

CALL POLY3 CRB26550
CALL NOCHEK ORB26560
CALL CURVE(TLONGTLAT,ITEMP,1) CR126570

ENDIF CRB26580
I = I + 1 CRB26590
GOTO 440 0R126600

ENDIF CRB26610
ORB26620
ORB26630

CALL POLY3 CRB26640
CALL NOCIEK ORB26650
CALL CURVE(TLONG,TLATtITEMP,1) CR126660

ORB26670
ORB26680

CALL COMPLX ORB26690
CALL HEIGHT(.2) CRB26700
CALL THKFRM (0.03) CRB26710
CALL FRAME ORB26720
CALL RESET( 'COMPL') 0PB26730
CALL RESET( 'HEIGHT') CRB26740
CALL ENDGR (0) CRB26750
RETURN CRB26760
END ORB26770

ORB26780
ORB26790
CRB26800
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SUBROUTINE DATA(I,A,E,TFEA,TFSU,TF-IO,TFDRA,PERPITDITDA,1DE, 0R326810
+ TD}I.,TD.4A,TDLAN,TDH,TDAP,t,,A, LAN, H, APV,R) OR26620
THIS SUBROUTINE Displays THE ORBITAL DATA FOR BOTH THE PERIIOCAL 0RE26830
AND THE GROUND TRACK PLOTS. 0R126640
REFER TO DISSPLA USER"S MANUAL FOR EXPLANATION OF DISSPLA 0R326850
SUBROUTINES 0126860

ORS26670
REAL I,, A:t. ORD26880

OR26890
MU - 3.986012E+05 0R26900

0RB26910
CALCULATE THE AVERAGE FORCES FROM THE TOTAL MAGNITUDE OF ORB26920

* FORCE CHANGES ORB26930
AVGFE - TFEA/50. 0 OR26940
AVGFS = TFSU / 50.0 01126950
AVGFM n TFMO / 50.0 O326960
AVGFD m TFDRA / 50.0 OR26970

0R326980
CALCULATE ORBITAL ELEMENTS IN Usable UNITS 0R26990
PERH - PER/3600 OR327000

OR27010
DI = I * (180.0/PI) 0R327020
DLAN LAN * (180.0/Pl) 0R327030
DAP - AP * (180.0/PI) ORD27040

ORS27050
* CALCULATE Averae CHANGE IN ELEMENTS FOR OLE PERIOD 0RB27060

AVGDI = TDI / 50.0 0RS27070
AVODA w TDA / 50.0 0R327080
AVGDE - TDE / 50.0 0R27090
AV i1 =Tf / 50.0 OR27100
AVGDI>A aTD!A / 30.0 ORB27110
AVGLAN w TDLAN / 50.0 0RB27120
AVGDH = TD / 50.0 OR27130
AVGDAP w TDAP / 50.0 OR327140

0R327150
CALCULATE RADIUS'S AND VELOCITIES 0RD27160
ENR - ((V**2)/2) - (MUIR) 0R327170
RP - A*(1 - E) 0RB27180
RA = Ale(I + E) 0R327190
VP u SQRT(2*(ENR + (HU/RP))) 0127200
VA z SQRT(2*(ENR + (HU/RA))) ORB27210

OR27220
OR27230

SET DISSPLA OR27240
CALL RESET(3HALL) 0RB27250
CALL SCPLX 0R27260
CALL PHYSOR(O.0,0.0) 0R27270
CALL AREA2D(8.5,4.0) 0R27280

0RB27290
PRINT DATA 0R27300
CALL MESSAG('I - $',100,0.25,3.67) 0RB27310
CALL REALNO(DI,3, ABUT','ABUT1) 0RB27320
CALL MESSAG( DEG.$ ,100,'ABUT , ABUT') 0RB27330I I , T 'A U ' OR 27 4
CALL MESSAG( A = S ,100, 'ABU ,'ABbT') 0RB27340
CALL REALNO(A,1,'ABUT','ABUT') 0RB27350
CALL MESSAG(' KM' ,100, ABUT ,'ABUT') 0RB27360
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CALL %I-rSSAG(' E S',100,'ABUT',lABuTl) CR327370
CALL REALV0(E,3,'ABUT' .'ABLUT') ORB27380
CALL NIESSAG(' PER ' , 100,'ABUT,l'ABIL.W) ORB27390
CALL RErAL.NO(PERH,2,'ABuTrl ,'ABUT') OR27400
CALL %#.--SSAG(' HOURS$' 100) 'ABuTl,l'ABuT') OR127410

OR127420
CALL hESSAG('AVERAGE RATE OF CHANGE OF ELEMIENTS PER SECON'D ORB0127430
+ 100,1.013.0) CR127440

CALL FISA('DI/T a 0 OR27450
CAL ~T1AG(DIoT* S,10,. 25,2. 67) 011274660

CALL RLSCAVGDI,-2,'AIU*T' 'AIUT') ORB27470
CALL MESSAG(' DA/DT mi I 1 10%01ABUT1 *'ABUT') CRE27480
CALL REALNO(AVGDA,-2 BAUT' ,'A ' CR127490
CALL !IESSAGC' DE/DTI- $'1 l0o'ABUT',#AU' 170
CALL REALS0(AVGDE,1-2,'1ABUT' !'AUT) 1C R327510

CR1275 20
CALL MESSAG(DXI/DT - f ',100,0. 25,2.33) ORB27530
CALL REAI.NO(AVGDXX., -2, ABUT- ,'ABUT') ORB27540
CALL .11ESSAG(' DNA/DT w $',lOO,'ABLUT','AIuT') ORB27550
CALL REALO0CAVGD IA,-2,I'ABUT' ,'ABUT') tCR327560
CALL ZIESSAG(' DLAN/DT u$1 100,'AIUT','ABUT') ORB27570
CALL REAL%;0(AVGL\, -2,' ABUT1, 'ABUT') CR327580

ORB27590
CALL MrSSAG(tDH/DT x St ,100,0. 252 00OR327600
CALL REAL!N0(AVGDH,.'ABUT' ,'A3U) OR527610
CALL flESSAG(' DAP/*DT 1 S,1,,'ABUK1 'ABUT,) CR327620
CALL REALN0(AVGDM1A, 2,1ABT ORBU')0127630

CR327640
CALL MESSAGC'AVERAGE MAGNITUDE OF FORCES PER UN4IT MIASS (ILX/S**2) 01327650

.i.S'10001011.67) 0R327660
CR327670

CALL MESSAGCEART! a S',100,0. 10,1. 33) CR327680
CALL REALSO0AVGE, -1, 'ABUT' ,'IABUT' ) CR527690
CALL MiESSAG(' M1OON - S'0100,'ABUT','ABUT') CRB27700
CALL REAL!SC(AVGFX,-1, 'ABUT'?'ABUT' C R327710
CALL ,IrS'.AG(' SCS m 100 ABUT' ABUT') C372
CALL REALNOCAVGFS,-,BUTl :'ABUT'), CR127730
CALL ',I-ESSAG(' DRAC~l * S' 1,ABUT''A BUT') ORB27740
CALL RiAL,\O(AVGFD,-1'BT "r ABUT) CRB27750

CR127760
CALL )lESSA3( 'PERIGEE$' ,100,2. 75,1.0) CR127770
CALL 1IESSAG(' Apos6*;',100o,'ABUT' ,'ABUT') CR327780

0RB27790
CALL ?ESSAG('RADIUS (Xi)S' ,10C. 25,0. 67) CR127800
CALL ZIESSAG( 'RP S' ,100,2. 75,0. 67) ORB27810
CALL REALVO(R?,l,'ABUT' ,'ABUT') CR127820
CALL MESSAG(': $',16o,'ABu-r:,'ABUT:) CR127830
CALL NIESSAGC' RA 1 $',100:;ABUT'r, ABUT' 0RB27840
CALL REALSO(RA, ;'BuT','ABUT') ORB27850

ORB27860
* CALL MESSAG('VELOCITY ()Ki/SE)$' 100,0.25,0.33) CRB27870

CALL IESSAGC'VP =s' ,100,2. 75,0.10) ORB27880
CALL REAL%,O(VP,2,'ABUT' ,'ABUT') ORB27890
CALL M1ESSAG' $1 ,100 'ABLrr' 'ABUT') ORB27900
CALL MESSAG(' VA -$1,100, ABUT',1ABUT') 0RB27910
CALL REALO(VA12 1' ABLT' 1'BUT'1) CR127920



CALL RESET( 'CO.IIPL') ORS27930
CALL EMGR(Q) ORB27940

r T%.R.N0RB27960
ORB27970
0RS27 980
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APPENDIX B. COORDINATE SYSTEMS

A. 'I1K': GEOCENTRIC - EQUATORIAL

I:I

vernal equinox
direclie -

Figure 3. Geocentrc-equatoral coordinate system

The geocentric-equatorial system as seen in Figure 3 has its origin at the earth's
center. The fundamental plane is in the equator and the positive X.axis points in the
vernal equinox direction. The Z-axis points in the direction of the north pole,. This
system is not fixed to the earth and turning with it; rather, the geocentric-equatorial
frame is nonrotating with ispCCt to tL, stars (except for precession of the equinoxes)
and the earth turns relative to it. Unit vectors, I, J, and k shown in Figure 3, lie along
the X, Y, and Z respectively, [Re. 1: p.55]
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B. 'PQW': PERIFOCAL

i. IIl

Figure 4. Peri'ocal coordinate system

The perifocal coordinate system has its fundamental plane in the plane of the satel-
lite's orbit as seen in Figure 4. The coordinate axis are named, X., Y., and Z, .. The
X," axis points toward the perigee; the Y axis is rotated 90 degrees in the direction of
orbital motion and lies in the orbital plane; the Z. axis along i completes the right-
handed perifocal system. Unit vectors in th, direction ofX, 1' and Z. are called P,
and I. respectively. IRe. 1: p.57]
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C. 'RSW': ORBITAL

S1

Figure S. Orbital coordinate system

(Figure 9.4-1, Re. 1)
The orbital coordinate system has its principle axis, R (unit vector r), along the in-

stantaneous radius vector, r as seen in Figure 5. The axis S is rotated 90 degrees from

R in the direction of increasing true anomaly. The third axis, W, is perpendicular to
both R and S. Note that this coordinate system is simply rotated ve from the PQW
perifocal system. [Ref. 1: p.39S]
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D. COORDINATE TRANSFORMATIONS
Th~e coordinate tranformations, for the previous cocrdinatc systems. use angular

rotations about the axis zo evaluate the transformation matrix. The matrix elements r

are calculated, them applied to the old vector to get the vector in the new coordinate
system. The following orbital elements arc used:

- longitude of ascending node

co - argument of perigece

i- inclination

i. - argument oflatitude

v- true anomaly
The coordinate transformations follow [Ref. 1: p.7--S3j

i. PQV to IJK
r-, cos Q cos (a - sin Q2 sin w cos i
r,. - cos Q sin w - si; Q cos o) cos i
r, - sin Q cos w
, sin a cos U) + cos Cl sin c cos i

)I.. - sin fC sin (0 + cos . cos w cos i
- - cos( sin i

LI - sin W sin i
I- cos (0 sin i

r, - t.OS 1

I-r 1 P-r 1 { rl

- r . -+ r + rnI

2. IJ K to PQW (inverse of =I)

Q ,.,dI + ,:J + ,;:,
if' - ,.7 + ,;J + ,.,,K

3. IJK to RSW
r,, - cos fl cos u - sin f2 sin u0 cos i

rz - sin fq cos u0 + sin u0 cos f2 cos i
r,. sin i sinl (4
r.,- - cos fi smn u0 - sin f2 cos u. cos i
r.:, - sin sinl U. + cos COS Uo COS
r. - cos u6 sin i
r,= sin £2 sin i

r. - - cos 2 sin j
= cos I

R = r 1l + r-,J + r;3K
= ..11 + r...J + ,.

iin= f!I + l:.u + cos ,o,

so



.. RSW to IJIZ finversc or=.,)

I ~ R #i.,S i I'2

S. !'QWN to RSWV
rl- COS Va

rl - sin vo
rn- UJI

J..,- -SilV

- Cos Va

- 0.0
-10.1,

S r11P +r-:12 r-1

W-r3, P + rj.Q +,-

6. RSWV to PQW (inverseor #'s)
Pm r11 )'l . r.-IS + rl
Q - ,R+ rS +i~

SI



APPENDIX C. ORBITAL ELEMENTS

The user is assumed to be studying orbital mechanics and should understand the
orbital clements and how to calculate them. A brief description of the elements and the
equations used to calculate the elements follow. For a detailed explanation of the ele-
ments and the equations to calculate them rerer to Chapters I and 2 of refcrence 1.
Figure 6 on page S3 shows the orbital elements in the Geocentric-Equatorial and
perifocal coordinate system.

I. Angular Momentum (h):
'lie specilie a:;gular momentum is a constant of the motion of the atellite,

defined as /h - Fx .

T, T j 7 - /it! + + h4.k

I:. " rvt' - r 'v.'

h1 It7 + h, -;Iih

2. Node Vector (n):
T[he node vector is a vector pointing along the line of nodes in the direction

of the ascending node.

I - /117 - - +

3. Scn.i-latus rectum (p):
The semi-latus rectum is a geometric constant of the conic section.
h2

4. Eccentricity (e):
T'he eccentricity is a constant defining the shape of the conic orbit.

5. Semi-major axis (aJ:

S2



Figure 6. Orbital elements

'rhe semi-major axis is a constant defining the size of the orbit.

(I -e 2

6. Inclination (i):
The inclination is the angfle between the K' unit vector in the 'IJK' system and

U the ang2ular momentum vector, W.
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i-cos~tLF')-ucosi (T

". Longitude of aWendine node M 1:
The lon itude ot the ascending node 's the angle in the fundamental plane

between the *'! unit vector and the point where the satellite crosses through the
flundamental plane in a northerly direction (ascending node) measured counter-
clockwise when viewed rom the north side of the fundamental plane.

f =Cos-I( i,

S. Argument of perigee (os):
i c argument or perigee is the angle in the plane of the satellite's orbit, be-

tween the ascending node and the perigee point, measured in the direction or the
satellite's motion.
V) - cos-It e Cos-) + t(e!

9. True anomaly at epoch (v,):
The true anomaly at epoch is the angle in the p'nc or the satellite's orbit, be-

tween perigee and the position of the satellite at a particular time, i. called the
"epoch".

1o- =Cos-)( 1"-: )

10. Arguirent of latitude 0u,):
Tlhe argument of latitude is the angle in the plane of the orbit. between the

ascending node and the radius vector to the satellite at time t,.

- cos-)

11. Longitude of perigee (n):
The longitude of perigee is the angle from T to perigee measured eastward to

the ascendinC node and then in the orbital plane to perigee.

12. True longitude at epoch (I0):
The true longitude at epoch is the angle between '1' and ro (the radius vector

to the satellite at t. measured eastward to the ascending node and then il, the orbital
plane to to.

13. Period (per):
The period is the time the for the satellite to complete one orbit.'

Per= 2

1-1. Eccentric anomialy (r.A :
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The eccentric anomaly is the ancle between the perigee and a position on an
au~liar" circle circumscribed about the ellipse where a perpendicular line to the
ilijor a k h-vs been extended from the epoch location of the satellite to the auxil-

EA - cos C+COS()
I + e co.t(')

I5. Mean motion (n'):
The mean motion is defined below:

16. Mean anomaly (MA):
The mean anomaly is defined below:

.11A - W'{ - 7) - E.A - c sinrEA)
17. nrine or" night (TF):

The time or flight is the elapsed time rom when the satellite was at pcrigee to
te current epoch.

(I- Tj - \ "-(EA - e sin(E.i n

SS
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APPENDIX D. SAMPLE ORBITS 
l

To demonstrate the capabilties or the program, a variety or orbital plots will follow:
1. Low earth orbit (LEO).4

MI0CAL C a01 =NATZ Syr=l

1 48.000 DEC. A u72KM Z 0.100 PZW 1.70 HOURS

AVZRAGE NATZ OF CHANGE OP 32ZANT3 ME IC 0-D
D./DT - 0.00 DA/VT - 0.00 Df,'W - 0.00
idM/V~'T - 0.00 DMA/DY - 0.00 DLAIVrT - 0.00

DH /W- 0.00 DAW/DT - 0.00
AVERAGE MACNITDE Or ?OPCZS PERt UNIT MAW OC*WO

EARMI - 0.0 MOON - 0.0 SUN - 0.0 DRAG - 0.0
PERjDO Apop.

RADIUS (3CM) RP - a00.0 RA a 744.4
VELOCrrY CKM320 VP - $21 VA - 6.73

Figure 7. Unperturbed Lowv Earth Orbit (LEO)

Figure 7 shows the perifocal plot of a satellite in an unperturbed low earth
orbit (LEO). The initial parameters of the orbit were entered as follows:

radius of perigce (RP) = 6500 kmn
eccentricity (c) 0. 1
inclination (i) = 45 degrees.
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PERIFOCAL CO0RDIXATZ UTT

I 44.9W0 DEC. A - 7M.23 KM Z 0.000 PLR 1.0 NOU~NS

AVr.RAGt RATE Or CHANCE OF =EZETS'X Jn CIOND
* DI/DT a 420*10" DA/DT vu s.3sI0e DE/DT - zjooewl

IDMM/DT - 1.90*106 DMA./D mu *.Aftj DLA)/T - 94*0
DH/DVT - 5.83"104 DAWD' - *2100-

* AVERAGE MAGNITUDE Or 70RCU MI UNIT KAM 0CMi~'V
EARTH - 0.0910' MOON( - *A10"" SUN - 4.3*1O- DRAG - 1.410-0

MAGlEE A0*
RADII!3 (KM) MP - 64.6 *A - 7307.0
VELOCITY (KM/EEC) VP - 020 VA - 0.74

Figure 8. Perturbed Lowy Earth Orbit (LEO)

With perturbing forces applied to the previous LEO, the drag force will be the
domninate perturbing force. The drag will act as a negative velocity change applied
in the area of perigee. with the result of decreasing the semni-nuior axis length, this
in effect will decrease the eccentricity of the orbit, as cati be seen by comparing the
orbital data of the unperturbed LEO in Figure 7 on page S6 with the orbital data
of thc perturbed LEO in Figure S.
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2. Circular orbit.

GROUND TRRCK

1K

iI a 5.W 7 DEC. A ,,, 06/. 10 KM - 0.000 PER 1.61 HOUTC3

AV)ERAGE RATE OF CHANGE OF ELXMFENI'S PE M1OND
DI/DT-" 4.02°10 "" DA,q'lr" 1.74'10 "8 D./DT" 5.93"10"v

DMWVI:T- Z26*10 "* DMA/1[T 1.Z=Z'10 "* MAKMVT=, 7.32'0"-
DH/ADT- & 96"10 "1 DAP/I[]T- 1 -U 210"*

AVERAGE MAGNITUD1: Or FORM n UNIT MAS WKM/
EARTH -I 1.2*10 "4 MOON - 2~~0l UN ,- 4.3*10'" DRAG - 3-0"10'"*

IPERIGEEC Apo#**
RADIUS (KM) RIP ,, 84.4 JtA ,- 6967.9
VZL.OClTY (11"ESIC) VP - 7.W6 VA - %.3S

Figure 9. Circular Orbit

An example or' thle plot or thec ground track of a sequcncc of three 60 degree
inclined perturbed circular orbits with a radius or. 70W0 kin is shown in FiguIre 9.
The sequecie Ofr Orbits displays the precession of. the orbit around the earth.
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3. Transfer orbit.

PmRrOCAL COORDINATE NW

SM.A.

n xw

C 0.000 DC. A - 14510.06 IM - 0.516 PER- 4.83 HOURS

AVERACgE RATE OP CHANGE Or ELEMLM.TS PER SECOND
DVD - 0.00 DA/V'I? 0.00 DW/M 0.00

DMM/DT, 0.00 DMA/MT- 0.00 DLAP/VD - 0.00
DH/DT - 0.00 DAP/DT - 0.00

AVERAGE mAGNITUDc Or FORC PER UNIT MAm (KxMul'
LARTH - 0.0 MOON - 0.o SUN 0.0 DRAG - 0.0

PEIRGIZ Apo8e"
RADIUS (K)4) NP - 7000.0 RA - 2.5
VELOCITY (IM/SEC) VP - 2.30 VA - Z

Figure 10. Trwisrer Orbit

The transfer orbit between a circular, equatorial LEO and a molniya orbit
(high eccentric orbit) is shown in Figure 10. A velocity increase of 1.75 km:s was
applied at the periae± to simulate a perigee kick to boost the satellite into the
rnolniva orbit. A sinilar velocity change could then be applied at apogee to create
a high altitude circular orbit, or a n.gative velocity change applied at perigee could
be used to bring the satellite back to a LEO.
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.4. Geo&,'nchronous orbit

SI T

I 0~~~0-O M~. A Oni~34.6 KMd 9 - 0.000 PE Z 3.99 HOURS

AVERAGE WA\TtOr CHANGE Or ELEML'4TS PER SECOND
~ifD'rwT 1.04110O* DAADT- 1.ZZ-i0' DC/DT- 1.090"
DMIM/DT - 326010", D4A/VT - 3.02*100 DLAN/31T- 1.W910'*
DHADT -, 3.55*0 - DAP/Vr1 - 3.02*10-

AVERAGE MAGNITUDE or ?oxim PmR uNIT MAW (K*V2)4
EARTH -~ .3"10-* MOON - 4.9010* SUN - 2-6610" DRAG - 3.110"

PERIGEE Apo#"
RADIUS (K.'d RP - 42Z33.9 RA - 42235.3

-~VELOTY (631ACW VP - 3.07 VA - 3.07

Figure 11 Geosynchroiious Orbit

The cround track or a perturbed geosynchronous orbit inclined 60 degrees is
shown in Figure ! 1. The orbit displays the figure eight typical with inclined
geosynchronous orbits.
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